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Abbreviations used:
B12-HBI, vitamin B12 derivative 5-hydroxybenzimidazolyl cobamide; C1, one-carbon unit; 
Coenzyme B, HS-CoB, 7-mercaptoheptanoylthreonine phosphate; coenzyme F420 or F4 20 , N-(N-L- 
lactyl-j-L-glutamyl)-L-glutamic acid phosphodiester of 7,8-didemethyl-8-hydroxy-5-deazaribo- 
flavin 5 ’-phosphate; Coenzyme M, HS-CoM, 2-mercaptoethanesulfonic acid; CoM-S-S-CoB, 
heterodisulfide of HS-CoM and HS-CoB; H 4MPT, 5,6,7,8-tetrahydromethanopterin; ApH = pHin- 
pHout, transmembrane chemical gradient of H +; (given in mV), membrane potential, 
transmembrane electrochemical electrical gradient; Fmd, formyl-methanofuran dehydrogenase; 
Hdr, heterodisulfide reductase; Mcr, methyl-coenzyme M reductase; methanofuran, MFR, 4-[N- 
(4,5,7,-tricarboxy-heptanoyl-y-L-glutamyl-y-L-glutamyl-)-p-(ß-aminoethyl)phenoxy-methyl]-2- 
(aminomethyl)furan; Mph, methanophenazine; Mtr, N^-methyltetrahydromethanopterinxo- 
enzyme M methyltransferase; pH2, dissolved hydrogen partial pressure; pmf (given in mV), 
proton-motive force, transmembrane electrochemical potential of protons; Ych4, specific growth 
yield (g DW.mol-1 of methane); Ych4 max, theoretical maximal growth yield.
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1.1  ECOLOGICAL AND PHYLOGENETIC BACKGROUND
Methane is the end product of anoxic degradation of organic materials. After the hydrolysis of 
proteins, polysaccharides and lipids, and the subsequent fermentation of produced amino acids, 
fatty acids and monosaccharides by a diverse spectrum of bacteria, methanol, methylamines, 
acetate, formate, hydrogen and CO2 remain. These compounds serve as substrates for 
methanogenic archaea.
Molecular hydrogen is a central intermediate in anaerobic processes. The gas is formed 
by the fermentation of monosaccharides, such as glucose. These fermentation reactions are 
exergonic and hydrogen can be accumulated to high concentrations (Table 1). Hydrogen is also 
formed by the oxidation of reduced fermentation products, like alcohols, fatty acids and 
aromatic compounds. Under thermodynamic standard conditions, this type of hydrogen- 
producing reactions, which is performed by a group of specialized microorganisms, is very 
endergonic (Table 1). The reactions only proceed if hydrogen partial pressures are kept below 
critical low limits. Methanogens are the primary hydrogen scavengers in many anaerobic 
ecosystems. Depending on the source, fermentation or fatty acid oxidation, hydrogen is available 
in concentrations that may vary over 5 orders of magnitude. Moreover, the concentrations may 
differ dramatically within narrow zones. Obviously, this will pose specific demands to the way 
methanogens adapt to hydrogen changes.
Methanogens are obligatory anaerobic microorganisms. Oxygen is only poorly soluble in 
water and it is utilized by a broad variety of metabolically active aerobic organisms. In fact, 
environments can become oxygen-depleted within a boundary of less than a millimeter. 
Therefore, anoxic systems are quite common in nature. Since methanogens use substrates that 
themselves are the products of anaerobic microbial degradation processes, they are independent 
of the supply of external electron acceptors. Consequently, methanogens may populate virtually
Table 1. Selected hydrogen-producing reactions in anaerobic processes
Reaction AG0’ maximal rh2 a
kj.reaction-1 Bar (Pa)
fermentation
glucose + 2 H2O o butyrate- + 2 HCO3- + 3 H+ + 2 H2 -254.8 no limit
glucose + 4 H2O o 2 acetate- + 2 HCO3- + 4 H + + 4 H2 -206.3 no limit
proton reduction
ethanol + H2O o acetate- + H+ + H2 + 9.6 2.10-2 (2000)
butyrate- + 2 H2O o 2 acetate- + H+ + 2 H2 + 48.1 6.10-5 (6)
propionate- + 3 H2O o acetate- + HCO3- + H+ + 3 H2 + 76.1 3.5 .10-5 (3.5)
benzoate- + 7 H2O o 3 acetate- + HCO3- + 3 H+ + 3 H2 + 89.7 0 .56 .10-5 (0.56)
acetate- + 4 H2O o 2 HCO3- + H+ + 4 H2 + 104.6 0 .26 .10-5 (0.26)
a Maximal hydrogen partial pressure for which holds that AG’ < 0  kj per reaction. Values were calculated 
assuming a standard temperature (250C), pH 7 and the concentrations of the reactants other than 
hydrogen to be present in 1 M concentration.
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any anoxic environment that is rich in carbon compounds and that is devoid of alternative 
inorganic electron acceptors, like sulfate or nitrate (Zinder, 1993). Indeed, the organisms have 
been isolated from numerous places, including sediments (Cappenberg, 1974; Oremland and 
Taylor, 1978), intestinal tracts of arthropods, herbivores and man (Breznak, 1982; Hackstein 
and Stumm, 1994; Hungate et al., 1970; Miller and Wolin, 1986; Sprenger et al., 2000), 
protozoa (Fenchel and Finlay, 1992; Finlay and Fenchel, 1991; Van Bruggen et al., 1985), 
symbiotic aggregates with other microorganisms (Conrad, 1996), hot springs (Olsen, 1994; 
Stetter et al., 1981), submarine hydrothermal vents (Jones et al., 1983) and roots of rice plants 
(Conrad et al., 1989; Sass et al., 1990).
Phylogenetically, methanogens belong to the Archaea, a separate kingdom next to the Eucarya 
and Eubacteria (Keeling and Doolittle, 1995). The Archaeal kingdom comprises of a broad 
variety of unicellular microorganisms that are able to live under extreme conditions, such as low 
and high temperatures, low and high pH, and high salt concentrations. Apart from the 
methanogens, this kingdom includes extreme halophiles, sulfur- and sulfate reducers, and 
extreme thermophiles (Olsen, 1994). As yet, somewhat more than a hundred species of 
methanogens have been obtained in pure culture and deposited in culture collections (see for 
example: http://www.dsm.de). Taking the enormous diversity of potential habitats into account, 
this number presumably represents only a very small minority of methanogenic species on earth.
Our research is mainly focussed on only one species. The organism has been isolated in 1972 
from a sewage sludge digestor in Urbana (Ill., USA) and was originally described as 
Methanobacterium thermoautotrophicum strain AH (Zeikus and Wolfe, 1972). The methanogen 
is a thermophile growing optimally at 650C. It is a metabolic specialist that is only able to grow 
on hydrogen and CO2 . Because of particular physiological and phylogenetic traits that 
distinguish it from other mesophilic representatives of the genus Methanobacterium, the species 
has recently been renamed as Methanothermobacter thermoautotrophicus (Wasserfallen et al., 
2000). Biochemically, M. thermoautotrophicus is the best-studied methanogen and in 1997 the 
whole genome of the organism was sequenced (Smith et al., 1997). The combination of a 
profound biochemical and molecular-biological knowledge has made M. thermoautotrophicus to 
become the model organism in our exploration of the very essence of the methanogenic cell.
1 .2  BIOLOGICAL PRODUCTION OF METHANE: VARIATIONS ON A THEME
Methanogenic archaea derive their energy for growth from the conversion of a limited number of 
simple carbon compounds (Table 2). Many species are specialized in a small number of 
substrates that can be metabolized. As mentioned above, M. thermoautotrophicus can only use 
hydrogen and CO2 . This property is shared by many other species, making H 2/CO2 a common 
substrate (Boone et al., 1993; Garcia, 1990). Quite a number of hydrogenotrophic (H2-utilizing) 
methanogens harbor an additional enzyme, which enables them to metabolize formate. Other 
species, like Methanosaeta, are only capable of acetate conversion. In contrast, generalists found 
in the genus Methanosarcina can touch the whole spectrum of substrates listed in Table 2. 
Depending on its metabolic potentials, each methanogen may occupy its specific ecological 
niche, either as a specialist or as a generalist. However, environmental conditions can be 
variable and the supply of substrates can change in time and place, both with respect to their
12
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Table 2 . Methanogenic reactions
Nr Reaction 0’GA (kj.mol"
1 4 H2 + CO2 o  CH4 + 2 H2O -130
2 4 HCOO- + 4 H+ o  CH4 + 3 CO2 + 2 H2O -134
3 4 CH3OH o  3 CH4 + CO2 + 2 H2O -106
4 4 (CH3)x, 1-4N + 2x H2O o  3x CH4 + x CO2 + 4 NH3 -76
5 4 (CH3K 1-2S + 2x H2O o  3x CH4 + x CO2 + 4 H2S -56
6 H2 + CH3OH o  CH4 + H2O -112
7 x H2 + (CH3)x,1-4NH+ o  x CH4 + NH4 + -90
8 CH3COO- + H+ o  CH4 + CO2 -32
nature and to their concentration. Generalists may adapt to these changes by shifting the 
metabolism to an alternative substrate. Obviously, specialists do not possess this opportunity. To 
reduce the risk of being outcompeted, such organisms at least must have some metabolic 
flexibility. The central theme of this thesis is, in fact, the way the specialist M. 
thermoautotrophicus adapts to changes in its only energy source, hydrogen.
As mentioned, methane is produced from a limited number of simple carbon compounds. The 
different methanogenic routes represent subtle variations on a common theme (Fig. 1) (Ferry, 
1999; Jones et al., 1985; Thauer, 1990, 1998). The ability to use a certain compound often 
requires the presence of only one or few additional enzymes that feed the particular substrate 
into a central pathway. The central pathway involves the subsequent reduction (or oxidation) of a 
one-carbon (C1) unit. To deal with the particularities of C1 redox chemistry, to fully exploit 
favorable energy changes and to cope with energy barriers, methanogens have evolved a most 
elegant biochemical machinery that for a long time has been thought to be unique for these 
microorganisms. It now appears that other organisms belonging to Archaeal, Eubacterial and 
Eukaryotic kingdoms have incorporated specific parts of the machinery into their own metabolic 
processes. However, the property to make methane and the presence of specific enzymes and 
coenzymes that are required to perform the reaction, still seem to be exclusive features of 
methanogens.
In the next Section, low-molecular-weight coenzymes that act in the process of 
methanogenesis will be introduced. Hereafter, the biochemical processes of methane formation 
from the different substrates will be described, paying special attention to the route of methane 
formation from hydrogen and CO2 .
1 .2 .1  Coenzymes o f m ethanogenesis
Low-molecular-weight coenzymes include carriers that covalently bind the C1 unit at the different 
reduction states and redox carriers that mediate in reduction and oxidation reactions (DiMarco 
et al., 1990).
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( i g- 1  Common pathways of methane formation from CO2 and formate ( ------► ), and methylated
compounds and acetate (........^  ). Reactions that are connected with sodium- AzNa+) or proton- (Ajzh+)
motive forces are marked by gray boxes. Electron transfer reactions in the conversion of methylated 
substrates are highlighted by white boxes. Reactions are numbered as in the text. Chemical structures of 
the methanogenic coenzymes are shown in Fig. 2. Abbreviations used: MFR, methanofuran; f-MFR, 
formylmethanofuran; H4MPT, 5,6,7,8-tetrahydromethanopterin; f-HiMPT, 0 5-formyl-H4MPT; 
CH+ = H4MPT, 0 5,0 10-methenyl-H4MPT; CH2 = H4MPT, 0 5,0 10-methylene-H4MPT; CH3-H4MPT, 0 5- 
methyl-H4MPT; HS-CoM, coenzyme M; CH3-S-CoM, methylcoenzyme M; HS-CoB, 7-mercapto- 
heptanoylthreonine phosphate; CoM-S-S-CoB, heterodisulfide of H-S-CoM and H-S-CoB; K20H2 , reduced 
F420; (CH3)xNH+, monomethylamine (x=1), dimethylamine (x = 2), trimethylamine (x=3), 
tetramethylamine (x = 4); (CH3)xS, methanethiol (x=1), dimethylsulfide (x = 2); ‘CH3-B12’, enzyme-bound 
cobalt-methyl-5-hydroxybenzimidazolyl cobamide.
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1.2.1.1 One-carbon carriers
4-[0-(4,5,7-tricarboxyheptanoyl-y-.-glutamyl-y-.-glutamyl)-p-(ß-aminoethyl) phenoxymethyl]-2- 
(aminomethyl)furan, or shortly methanofuran, is the first C1 carrier in methanogenesis from CO2 
(Leigh et al., 1984, 1985) (Fig. 2A). The compound binds dissolved CO2 , rather than 
bicarbonate, to its primary amine group (Vorholt and Thauer, 1997). While bound to 
methanofuran, CO2 is subsequently reduced to the formyl level with molecular hydrogen as the 
reductant. The midpoint potential of the methanofuran/formyl-methanofuran couple (-530 mV) 
is much lower than the potential of the H+/H2 couple. This poses specific demands on the 
enzymatics and bioenergetics of the reaction, which might include the role of as yet unidentified 
low-potential-redox carriers (Bertram and Thauer, 1994).
From various methanogenic species, five different forms of methanofuran have been 
isolated (Bobik et al., 1987a; Jones et al., 1985; White, 1988). Structural modifications 
concern the negatively charged side chain. The core structure, which consists of the aromatic p- 
phenoxymethyl and 2-aminomethylfuran moieties, is conserved and no appreciable differences 
in activity are observed when the various derivatives are used in enzymatic tests. Methanofuran 
is also found in sulfate-reducing archaea belonging to the genus Archaeoglobus (Möller-Zinkhan 
et al., 1989; Vorholt et al., 1995). In these organisms, the compound plays the same role as in 
methanogens, notably as a CO2/formyl carrier.
5,6,7,8-Tetrahydromethanopterin (H4MPT) is the reduced and metabolically active form of 
methanopterin (Fig. 2B) (Escalante-Semerena et al., 1984a, 1984b; Escalante-Semerena and 
Wolfe, 1985; Keltjens et al., 1990; Keltjens and Vogels, 1988). H4MPT is the one-carbon 
carrier at the formyl/methenyl, formaldehyde/methylene and methyl reduction levels. The formyl 
group derived from formyl-methanofuran binds at the 0  position of the pterin group. Release of 
H2O results in the formation of the cyclic 0 5,0 10-methenyl intermediate. 0 5,0 10-methenyl- 
H4MPT is reduced in two subsequent hydride transfer reactions to produce 0 5,0 10-methylene- 
H4MPT and ^-m ethyl- H4MPT, respectively.
H4MPT is the structural and functional equivalent of 5,6,7,8-tetrahydrofolate, the 
ubiquitous C1 carrier involved in serine and purine biosynthesis and in the central dissimilatory 
pathways of methylotrophic and acetogenic bacteria. Methanogens do not contain 
tetrahydrofolate, but methanopterin is present in all species examined as yet (Gorris and van der 
Drift, 1986; Gorris et al., 1988; Leigh, 1983). Different species, however, may contain slightly 
modified derivatives. Modification is related to the presence of additional glutamyl or aspartyl 
moieties in the side chain, and the absence or presence of the 7-methyl-group or a hydroxyl 
group in the pterin and p-aminophenyl groups, respectively (Keltjens et al., 1990; Keltjens and 
Vogels, 1988; Raemakers-Franken et al., 1991). Yet, the function of all derivatives remains the 
same, notably as the C1 carrier of the formyl through methyl states of reduction. This also holds 
for non-methanogens from which H4MPT has recently been isolated, viz. Archaeoglobus and 
aerobic methylotrophic Eubacteria (Chistoserdova et al., 1998; Vorholt et al., 1995, 1998).
The last C1 carrier in the process of methanogenesis was the first one of which the structure was 
established (McBride and Wolfe, 1971; Taylor and Wolfe, 1974) (Fig. 2C). It is the smallest 
coenzyme known in life. The compound, 2-mercaptoethanesulfonic acid (Coenzyme M, HS- 
CoM), contains a biologically active, nucleophilic SH-group that reacts with electrophilic 
alkylating agents, like the methyl group of 0 5-methyl-H4MPT.
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HS-CoM is found in all methanogens and, with few exceptions, the organisms are 
capable of de novo synthesis (Balch and Wolfe, 1979). The exceptions apply to methanogens 
that have been isolated from intestinal tracts of ruminants and arthropods. These organisms 
require HS-CoM as a vitamin for growth (Sprenger et al., 2000; Taylor et al., 1974). Quite 
recently, coenzyme M was identified as a C3 carrier in epoxide metabolism in the distinctly 
related Eubacteria Xanthobacter sp. (Allen et al., 1999) and Rhodococcus rhodochrous (Krum 
and Ensign, 2000). Here, HS-CoM acts as the nucleophile to open epoxide rings.
1.2.1.2 Electron carriers
When environmental samples are inspected under the epifluorescence microscope, methanogens 
are most easily identified by their blue-green autofluorescence (Doddema and Vogels, 1978; 
Edwards and McBride, 1975). The fluorescence originates from coenzyme F420 , 0-(0-L-lactyl-j- 
L-glutamyl)-L-glutamic acid phosphodiester of 7,8-didemethyl-8-hydroxy-5-deazariboflavin 5 ’ 
phosphate (Fig. 2E). The familiar name stems from the redox- and pH-sensitive absorption band 
at 420 nm (Cheeseman et al., 1972; Eirich et al., 1978, 1979).
Coenzyme F420 can accept a hydride at the C5 position of the deazaflavin group to form 
reduced F420 (F4 20H2). The low redox potential of the reaction (-340  to -3 7 3  mV; Eirich et al., 
1978, 1979; Jacobson and Walsh, 1984; Walsh, 1986) makes coenzyme F420 an appropriate 
electron acceptor in the oxidation of hydrogen (Fox et al., 1987), formate (Grahame and 
Stadtman, 1993; Walsh, 1986), or secondary alcohols that are used in the energy metabolism 
by some methanogens (Widdel and Frimmer, 1995). Simultaneously, F420H2 is a very suitable 
electron donor in low-redox-potential reactions in the methanogenic pathway (see below) and in 
biosynthetic reactions, where it substitutes for NAD(P)H (DiMarco et al., 1990; Zeikus et al.,
1977).
Under oxidative conditions, viz. at low hydrogen concentrations or at the presence of 
oxygen, coenzyme F420 is adenylylated or guanylylated at the 8-OH position by ATP and GTP, 
respectively (Hausinger et al., 1985; Kiener et al., 1988). The AMP- and GMP-derivatives, 
termed F390-A and F390-G after their absorption band at 390 nm, have a proposed role as signal 
molecules for oxidative stress and hydrogen limitation (Vermeij et al., 1997).
From various methanogenic species, a number of F420 derivatives have been purified, 
that notably differ with respect to the number of glutamyl groups in the sidechain (Gorris and 
van der Drift, 1986, 1994). The compound is also found in many other microorganisms 
(Daniels et al., 1985; Lin and White, 1986). In these organisms, coenzyme F420 participates in a 
variety of redox reactions involved in, for instance, glucose metabolism, antibiotic synthesis and 
DNA photo repair (Eker, 1983).
Fig. 2G shows the structure of 7-mercaptoheptanoylthreonine phosphate, more conveniently 
called coenzyme B or HS-CoB (Noll et al., 1986). HS-CoB is the electron donor in the terminal 
step of methanogenesis (Bobik et al., 1987b; Ellermann et al., 1988; Noll and Wolfe, 1987). Its 
specific role will be addressed in somewhat more detail in relation with the enzymatics of the 
particular reaction, the reductive demethylation of CH3-S-CoM (see: 1.2.2). In methanogens, 
HS-CoB also functions as the electron donor in fumarate reduction (Bobik and Wolfe, 1989). As 
yet, coenzyme B has only been found in these microorganisms.
The last and most recently characterized member of the methanogenic coenzymes is a 
compound called methanophenazine (Mph), which was isolated from the cytoplasmic membrane
16
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( i g* 2. Structures of one-carbon and electron carriers involved in methanogenic metabolism. One- 
carbon carriers: (A) methanofuran, (B) 5,6,7,8-tetrahydromethanopterin, (C) coenzyme M (HS-CoM, 2- 
mercaptoethanesulfonate), (D) factor F430, the prosthetic group and catalytic centre of methylcoenzyme M 
methylreductase. Electron carriers: (E) coenzyme F420, (F) methanophenazine, (G) HS-CoB (7- 
mercaptoheptanoylthreonine phosphate). The sites involved in the coenzyme function are printed in bold.
of Methanosarcina mazei (Abken et a l., 1998; Bäumer et a l., 1998) (Fig. 2F). Mph is composed 
of a reducible phenazine group connected to a long lipophilic sidechain. The compound is an 
intermediary electron carrier in the H 2- and F420H2-dependent reduction of CoM-S-S-CoB, which 
is a product of the CH3-S-CoM methylreductase reaction (see: 1.2.2 and 1.3.1). 
Methanophenazine can be regarded as a functional analogue of quinones in aerobic and 
anaerobic respiratory chains. Mph seems only to be found in members of the order 
Methanosarcinales. The order represents a highly evolved branch of methanogens and is 
characterized, amongst others, by the presence of sophisticated electron transfer chains. 
Considering the widespread occurrence of phenazine derivatives among Eubacteria (Ingram and 
Blackwood, 1970), it can, however, not be ruled out a priori that Mph-like components 
eventually will be found in non-methanogens as well.
17
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1 .2 .2  Metabolism from H2 and CO2
Most methanogenic species are able to use H 2/CO2 as a substrate (Table 2, equation 1). 
Organisms that can use different substrates prefer CO2 reduction if hydrogen is available. 
Indeed, this process represents the energetically more favorable way to make methane. Overall, 
the methanogenic pathway shown in the central part of Fig. 1 involves the stepwise reduction of 
CO2 coupled to the oxidation of 4 hydrogen molecules.
In the first step, CO2 binds to methanofuran (MFR) and becomes reduced into formyl- 
methanofuran (formyl-MFR) (Leigh et al., 1985):
CO2 + H2 + MFR o  formyl-MFR + H2O (AG0’= 16 kj.mol-1) [1]
The reaction is catalyzed by the formyl-methanofuran dehydrogenase (Fmd) enzyme complex. 
M. thermoautotrophicus contains two distinct, functionally equivalent complexes, the tungsten- 
containing W-Fmd and the molybdenum-containing Mo-Fmd encoded by the fmdECB  and 
fwdHFGDACB operons, respectively (Hochheimer et al., 1995, 1996). W-Fmd may harbor both 
tungsten and molybdenum in the catalytic center. Expression of Mo-Fmd is specifically 
dependent on the presence of molybdate in the growth medium (Hochheimer et al., 1996). In 
the organism, different hydrogenases are present, but it is not clear which type specifically 
mediates H2 oxidation in reaction [1]. A plausible candidate would be one of the two 
multisubunit membrane-bound [NiFe] hydrogenases found in the M. thermoautotrophicus 
genome (Tersteegen and Hedderich, 1999).
Formyl-methanofuran synthesis is an endergonic reaction, even under thermodynamic 
standard conditions. In methanogenic habitats, however, hydrogen partial pressures may reach 
values as low as 10-4-10-5 Bar. Under these conditions, the reaction will become far more 
endergonic and can cost as much as 40 kj.mol-1 (Bertram and Thauer, 1994; Blaut, 1994). The 
energy for this CO2 reduction is delivered by a primary sodium ion pump, that is coupled to the 
formyl-methanofuran dehydrogenase enzyme complex (Kaesler and Schönheit, 1989a,b). 
Kinetic studies showed the reduction of 1 CO2 to be accompanied by the import of 2-4 Na+ 
(Kaesler and Schönheit, 1989a,b) (see: 1.3.1).
In the second step, the formyl group bound to methanofuran is transferred to H 4MPT (Donnelly 
and Wolfe, 1986). Reaction [2] is catalyzed by formylmethanofuran:tetrahydromethanopterin 
formyltransferase, which is encoded by the f tr  gene (Kunow et al., 1996; Lehmacher, 1994).
formyl-MFR + H4MPT o  0 5-formyl-H4MPT + MFR (AG0’= -4.4 kj.mol-1) [2]
While bound to H4MPT, the formyl group is first converted into the methenyl function in a 
reaction catalyzed by 0 5,0 10-methenyl-H4MPT cyclohydrolase (mch) (DiMarco et al., 1986; te 
Brömmelstroet et al., 1990a; Vaupel et al., 1996):
0 5-formyl-H4MPT o  0 5,0 10-methenyl-H4MPT (AG0 =-4.6 kj.mol-1) [3]
0 5,0 10 -methenyl-H4MPT is subsequently reduced to 0 5,0 10 -methylene-H4MPT (reaction 4a-b) 
and 0 5-methyl-H4MPT (reaction 5). In M. thermoautotrophicus, the first reduction is catalyzed by
18
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two genetically distinct enzymes, H 2-forming (reaction 4a) and F420-dependent (reaction 4b) 
N5,N10-methylene-H4MPT dehydrogenase (Klein et al., 1995; Mukhopadhyay et al., 1995; 
Schwörer et al., 1993; te Brömmelstroet et al., 1991; Zirngibl et al., 1990). The enzymes are 
encoded by the hmd and mtd genes, respectively.
0 5,0 10-methenyl-H4MPT + H2 o  0 5,0 10-methylene-H4MPT + H+
(AG0 =-5.5 kj.mol-1) [4a]
N5,N10-methenyl-H4MPT + F420H2 o  N5,N10-methylene-H4MPT + F420 + H+
(AG0 = 5 .5  kj.mol-1) [4b]
H2-forming dehydrogenase is catalytically very active, but shows a poor affinity for hydrogen 
(Schwörer et al., 1993). At low hydrogen concentrations, the F420-dependent species would be 
the more appropriate catalyst.
The reduction of N5,N10-methylene-H4MPT into N5-methyl-H4MPT is mediated by 
methylene-H4MPT reductase encoded by the mer gene (Ma and Thauer, 1990; Nölling et al., 
1995; te Brömmelstroet et al., 1990b; Vaupel and Thauer, 1995). The reaction [5] uses F420H2 
as the reductant.
N5,N10-methylene-H4MPT + F420H2 o  N5-methyl-H4MPT + F420
(AG0’= -6.2 kj.mol-1) [5]
F420H2 , which is oxidized in steps [4b] and [5], is regenerated by the reduction with hydrogen 
(eqn. [6]). For the reaction, methanogens utilize an F420-specific [NiFe] hydrogenase, which is 
encoded by the frhADGB operon (Fox et al., 1987; Vaupel and Thauer, 1998).
F420 + H2 o  F420H2 (AG0 =-11 kj.mol-1) [6]
Next, the methyl-group is transferred from H 4MPT to HS-CoM by the membrane bound N5- 
methyltetrahydromethanopterin:coenzyme M methyltransferase (Mtr) complex (mtrEDCBFGH 
operon) (Gärtner et al., 1993, 1994, Gottschalk and Thauer, 2001) (reaction 7). The catalytic 
center of the enzyme complex is the vitamin B12 derivative 5-hydroxybenzimidazolyl cobamide 
(B12-HBI), which is bound to the MtrA subunit.
N5-methyl-H4MPT + HS-CoM o  CH3-S-CoM + H4MPT (AG0’= -29 kj.mol-1) [7]
The methyltransferase reaction is the first reaction in the sequence described thus far that is 
attended with the release of appreciable energy. The energy is conserved to build up a 
transmembrane sodium gradient (Kaesler and Schönheit, 1989a). For this sake, the 
methyltransferase system is coupled to a primary sodium ion pump (Becher et al., 1992; 
Gärtner et al., 1994; Gottschalk and Thauer, 2001; Lienard et al., 1996) (see: 1.3.1).
In the terminal reaction [8], CH3-S-CoM is reduced with HS-CoB as the electron donor to 
produce methane and the mixed disulfide (CoM-S-S-CoB) of HS-CoM and HS-CoB (Ankel-Fuchs 
and Thauer, 1986; Bobik et al., 1987b; Ellermann et al., 1988; Noll and Wolfe, 1987):
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CH3-S-CoM +HS-CoB o  CH4 + CoM-S-S-CoB (AG0’= -45 kj.mol-1) [8]
The reaction, which is the rate-limiting step in the process of methanogenesis, is catalyzed by 
methyl-coenzyme M reductase (Mcr) (Ellefson and Wolfe, 1981). The enzyme is composed of 3 
subunits in an a 2ß2j 2 configuration and harbors 2 molecules of factor F430 as the catalytic 
centers (Ermler et al., 1997). F430 is a nickel corphin, which can be regarded as a structural 
hybrid between the corrin (B12) and porphyrin macrocyclic ligands (Färber et al., 1991) (Fig. 
2D). Although CH3-S-CoM reduction is highly exergonic and evidence exists that Mcr is 
membrane-associated (Aldrich et al., 1987; Mayer et al., 1988), the energy is not conserved, 
but is rather dissipated as heat. Consequently, CH3-S-CoM reduction is an irreversible reaction. 
Importantly, M. thermoautotrophicus contains two genetically distinct Mcr-isoenzymes, Mcr I and
II, that are encoded by the mcrBDCGA and mrtBDGA operons, respectively (Bonacker et al., 
1992, 1993). Mcr I is catalytically less active, it displays a higher affinity for its substrates and 
shows a maximal activity at pH 7.0-7.5 (Bonacker et al., 1993). In contrast, the pH optimum of 
the Mcr II-catalyzed reaction is 7.5-8.0.
In order to recover HS-CoM and HS-CoB, the heterodisulfide is reduced with hydrogen:
CoM-S-S-CoB + H2 o  HS-CoM + HS-CoB (AG0’= -40 kj.mol-1) [9]
In an in vitro system isolated from M. thermoautotrophicus, the reaction is catalyzed by a 
hydrogenase (MvhDGBA), which uses viologen dyes as an artificial substrate, and the 
heterodisulfide enzyme complex (HdrABC) (Hedderich et al., 1990; Setzke et al., 1994). In 
Methanosarcina species, the system is more elaborate and both hydrogenase and heterodisulfide 
reductase contain an additional membrane-bound cytochrome b-type subunit (Deppenmeier et 
al., 1995; Heiden et al., 1994). In these organisms, methanophenazine is an intermediary 
electron carrier (Abken et al., 1998). CoM-S-S-CoB reduction is exergonic and the energy 
released in the reaction is utilized to build up a transmembrane proton gradient (Deppenmeier et 
al., 1991, 1996, 1999; see 1.3). Notably, 2-4 H+ are translocated per heterodisulfide reduced 
(Blaut and Gottschalk, 1984; Deppenmeier et al., 1996, 1999; Ide et al., 1999) (see: 1.3.1).
1 .2 .3  Metabolism o f formate
As far as known, formate metabolism is always present as an extra pathway, next to H2/CO2 
metabolism (Boone et al., 1993; Garcia, 1990; jones et al., 1987) (Fig.1). In fact, formate is 
readily converted into hydrogen and CO2 by the action of formatehydrogenlyase:
HCOO- + H+ i  H2 + CO2 [10]
In methanogens, formatehydrogenlyase is composed of F420-dependent formate dehydrogenase 
and F420-reducing hydrogenase (Barber et al., 1983; Grahame and Stadtman, 1993; Nölling and 
Reeve, 1997) (Fig. 1). Thus, the additional presence of only one enzyme, formate 
dehydrogenase, is sufficient for formate utilization. The enzyme is specifically expressed at low 
hydrogen concentrations (Sparling and Daniels, 1990). To account for the reaction stoichiometry 
(reaction 2 in Table 2), 4 moles of formate have to be oxidized to generate the reducing
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equivalents, either as molecular hydrogen or as F4 20H2 , for the conversion of 1 mole of CO2 into 
methane.
1 .2 .4  Metabolism o f m ethanol and methylamines
The metabolism of methanol and mono-, di-, tri-, and tetramethylamine (reactions 3-7 in Table
2) is mainly restricted to the family Methanosarcinaceae. Whereas Methanosarcina species are 
also capable of H2/CO2 and acetate conversion, other members of the family are not able of 
hydrogen metabolism and solely grow on methyl compounds (Boone et al., 1993; Keltjens and 
Vogels, 1993). Still other species, including Methanosphaera, a member of the 
Methanobacteriales, and Methanomicrococcus, which is related to the Methanosarcinaceae, 
strictly rely on the H2-dependent reduction of the methylated substrates (reactions 6 and 7 in 
Table 1) (Miller and Wolin, 1985; Sprenger et al., 2000).
Methylotrophy is another variation on the common process of methanogenesis (Fig. 1). 
The methyl group of the substrate is fed into the central pathway by the action of a methyl:HS- 
CoM methyltransferase system. In the reaction, the methyl group derived from the substrate is 
bound by the supernucleophilic B12-HBI prosthetic group of a corrinoid protein to yield enzyme- 
bound methyl-B12-HBI. Next, the CH3 moiety is transferred by a second methyltransferase to 
HS-CoM and CH3-S-CoM is produced (Daas et al., 1993, 1996a, 1996b; Ferguson et al., 
1996; Wassenaar et al., 1996). Methyltransferases involved are substrate-specific, but the 
reaction mechanism is the same for all methylated compounds (Burke et al., 1998; Burke and 
Krzycki, 1995, 1997; Ferguson et al., 1996; Ferguson and Krzycki, 1997; Tallant and Krzycki, 
1997; Wassenaar et al., 1998). The enzyme systems are differentially expressed in response to 
the availability of a methylated compound (Hippe et al., 1979; Wassenaar et al., 1996). If a 
mixture of such compounds is available, the energetically most favorable methanol is the 
preferred substrate.
In the presence of hydrogen, CH3-S-CoM is reduced to methane by the methyl-coenzyme 
M and heterodisulfide reductase reactions described above. In its absence, part of the CH3-S- 
CoM pool has to be oxidized to CO2 :
CH3-S-CoM + 2 H2O o  CO2 + HS-CoM + 6 [H] [11]
One may note that the oxidation of 1 CH3-S-CoM generates 6 reducing equivalents, which 
permit the reduction of 3 CH3-S-CoM to methane. The oxidation pathway follows the common 
route of CO2 reduction to methane, but in the reversed order. Reducing equivalents from the N5- 
methyl-H4MPT, N5,N 1 -methylene-H4MPT and formyl-methanofuran oxidation steps are stored 
as F420H2 and an as yet unknown electron acceptor. The carriers are subsequently re-oxidized in 
concert with CoM-S-S-CoB reduction (Baümer et al., 2000; Deppenmeier et al., 1990a,b, 1996, 
1999).
1 .2 .5  Metabolism o f acetate
Quantitatively, acetate is the most important source of methane in fresh water systems, but only 
a few genera (all members of the Methanosarcinales) are able to metabolize the compound
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Fig. 3 . Generation of proton- and sodium-motive forces in connection with methanogenic reactions. (A) 
H2-dependent synthesis of formyl-methanofuran; (B) N5-methyl-H4MPT: HS-CoM methyltransfer; (C) H2- 
dependent (upper part) and F420H2-dependent (lower part) reduction of CoM-S-S-CoB. Abbreviations of 
the coenzymes are as specified in the legend of Fig. 1; Mph, methanophenazine. Abbreviations of 
enzymes: Fmd, formyl-methanofuran dehydrogenase; Vht, viologen-reducing hydrogenase (type 2); Mtr, 
N5-methyl-H4MPT:HS-CoM methyltransferase; Hdr, heterodisulfide reductase; Vho, viologen-reducing 
hydrogenase (type one); Fdh, F420H2 dehydrogenase complex. The functions of the enzyme subunits are 
described in the Text. The diamond in MtrA schematically represents the 5-hydroxybenzimidazolyl B2 
(corrinoid) prosthetic group.
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(Zinder, 1993). Methanosarcina species, which are the most versatile methanogens, switch to 
acetate metabolism if energetically more attractive substrates are absent. The organisms show an 
only modest affinity for the compound. In contrast, Methanosaeta species are specialized on 
acetate metabolism. They display a high affinity for acetate and grow on concentrations far 
below 1 mM (Zinder, 1993). Their growth is slow compared to that of Methanosarcina.
Before acetate is metabolized, it has to be converted into acetyl-CoA, the intermediate 
that couples methanogenesis with biosynthesis (see 1.3.3) (Fig 1). Acetate activation by 
Methanosarcina is a two-step process mediated by acetate kinase and phosphotransacetylase, 
respectively (Aceti and Ferry, 1988; Latimer and Ferry, 1993; Lundie and Ferry, 1989). ADP 
is formed from ATP in the acetate kinase reaction. Methanosaeta species activate acetate in a 
single reaction, which is catalyzed by acetyl-CoA synthetase (jetten et al., 1989). Herein, ATP is 
converted into AMP, which requires the investment of two energy-rich phosphate bonds. 
Although more energy-demanding, acetyl-CoA synthetase has a superior affinity for acetate, as 
compared to the acetate kinase/phosphotransacetylase system. Acetyl-CoA is cleaved into a 
methyl, a carbonyl (CO) and a HS-CoA group by carbon monoxide dehydrogenase/acetyl-CoA 
synthetase (Grahame, 1991; Lu et al., 1994; Maupin-Furlow and Ferry, 1996a,b). The methyl 
group is transferred by a corrinoid-containing methyltransferase to tetrahydrosarcinapterin 
(H4SPT), which is the typical H4MPT derivative of methylotrophic methanogens (Grahame, 
1993; jablonski et al., 1993). Starting from 0 5-methyl-H4SPT, the common methanogenic 
pathway is followed (Ferry, 1999; Lovley et al., 1984; Müller et al. 1993) (Fig. 1). The 
carbonyl group is oxidized to CO2 and the low-redox potential electrons are deposited via 
ferredoxin into the electron transfer chain (Fischer and Thauer, 1989; Terlesky and Ferry,
1988). CO oxidation is accompanied with generation of a transmembrane proton gradient (Bott 
et al., 1986; Bott and Thauer, 1989).
1 .3  ATP PRODUCTION AND BIOSYNTHESIS
1 .3 .1  Proton- and sodium-motive forces in m ethanogenesis
As described above, three steps in the CO2 reduction pathway are connected with proton and 
sodium movements across the cell membrane, notably the formyl-methanofuran dehydrogenase 
(Fmd), the 0 5-methyltetrahydromethanopterin:coenzyme M methyltransfer (Mtr) and CoM-S-S- 
CoB (Hdr) reduction reactions (steps [1], [7] and [9], respectively, in Fig. 1). Formyl- 
methanofuran synthesis and CoM-S-S-CoB reduction are redox reactions. This is not the case for 
the methyl transfer step. The mechanism of the Mtr and Hdr reactions have been studied in 
quite some detail in Methanosarcina mazei using crude everted membrane vesicular systems as 
well as purified enzymes incorporated into liposomes (Blaut et al., 1992). Therefore, the 
following discussion will mainly be restricted to the methylotrophs (see for recent reviews: 
Deppenmeier et al., 1996, 1999; Gottschalk and Thauer, 2001; Schäfer et al., 1999).
The methyltransferase enzyme complex (MtrEDCBAFGH) is composed of hydrophilic 
and hydrophobic, membrane-bound subsunits (Gottschalk and Thauer, 2001, and references 
herein) (Fig. 3B). After binding of A^-methyltetrahydromethanopterin to MtrH, the methyl group 
is transferred to the B12-HBI prosthetic group present in MtrA. Next, CH3-B12HBI is 
demethylated by HS-CoM. The energy from the latter reaction is conserved by pumping sodium 
ions out of the cell through the MtrE subunit. Experiments by Lienard et al. (1996) showed the
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reaction in the direction of CH3-S-CoM synthesis to be associated with a translocation of 
approximately two Na+. The reversed reaction, which is of interest in methyl group oxidation, 
then should be driven by the import of 2 Na+.
In methylotrophic methanogens, the H2-dependent reduction of CoM-S-S-CoB is 
catalyzed by a cytochrome b-containing hydrogenase (VhoAGC), methanophenazine (Mph) and a 
cytochrome b-containing heterodisulfide reductase complex (HdrDE) (upper part of Fig. 3C). 
VhoA harbors the bimetallic [NiFe] catalytic center for H2 oxidation. The electrons are 
channeled via FeS clusters in VhoG and cytochrome b 1 in VhoC to Mph, which is reduced with 
the uptake of 2 H+. Afterwards, MphH2 is reoxidized with the release of 2 H + . At the oxidation, 
the electrons are accepted by two distinct cytochrome b-type hemes present in the HdrE 
subunit, and transferred via two Fe4S4 clusters in the HdrD catalytic subunit to CoM-S-S-CoB 
(Brodersen et al., 1999). The topology of the enzymatic components as shown in Fig. 3C 
permits the export of 4 H + per heterodisulfide reduced. The stoichiometry has, indeed, 
experimentally been established (Blaut and Gottschalk, 1984; Deppenmeier et al., 1999; Ide et 
al., 1999). Methyl group oxidation results in the generation of F420H2 . Contrary to other 
methanogens, methylotrophs contain a membrane-bound F420H2 dehydrogenase (Fdh) complex 
that couples the oxidation of F420H2 to the reduction of CoM-S-S-CoB (Baümer et al., 2000; 
Deppenmeier et al., 1990a,b, 1996, 1999). Again, methanophenazine is an intermediary 
electron carrier (lower part of Fig. 3C). The process has been shown to be associated with the 
export of 3-4 H+. Since methanophenazine oxidoreduction is accompanied with the vectorial 
translocation of 2 H+, an additional 1-2 H+ have to be actively pumped out of the cell by Fdh. 
Remarkably, Fdh is structurally related to complex I (NADH dehydrogenase) of bacterial and 
mitochondrial electron transport chains (Baümer et al., 2000).
Synthesis of formyl-methanofuran from H2 , CO2 and methanofuran in Methanosarcina is 
catalyzed by the FmdEFACBD enzyme complex and the Vht hydrogenase (Deppenmeier et al., 
1995; Vorholt et al., 1996) (Fig. 3A). VhtAGC is almost identical to VhoAGC described above, 
both with respect to the amino acid composition of the respective subunits and the nucleotide 
sequences of the encoding genes. Vht, however, is only expressed in the presence of hydrogen. 
As above, electrons derived from H2 oxidation, which occurs at the [NiFe] catalytic center in 
VhtA, are transferred via FeS clusters present in VhtG, cytochrome b 1 in VhtC, and the 
polyferredoxins in FmdF to FmdB. The latter is the catalytic subunit where formyl-methanofuran 
synthesis takes place. Since the reaction in this direction is endergonic, the electrons have to be 
driven uphill. As mentioned before, this is realized by the import of 2-3 sodium ions (Kaesler 
and Schönheit, 1989a). It is yet unknown, which of the membrane-spanning subunits of the 
Fmd complex is involved in Na+ translocation. The reverse reaction, the oxidation of 
formylmethanofuran, allows the export of the same number of 2-3 Na+. Here, the electrons from 
the oxidation are eventually used for CoM-S-S-CoB reduction, but the intermediary carriers that 
are involved in the electron transfer chain remain to be established.
1 .3 .2  ATP synthesis
Methanogens use both primary H+ and Na+ gradients in their energy metabolism. The 
organisms are unique in this respect. Proton and sodium fluxes equilibrate by the action of a 
H+-Na+ antiporter (Deppenmeier et al., 1996; Kaesler and Schönheit, 1989a; Schönheit and 
Beimborn, 1985). The antiporter is also involved in the regulation of the intracellular pH. The
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activity of the enzyme is essential and the process of methane formation is immediately arrested 
when the antiporter activity is inhibited.
Proton and sodium movements across the cell membrane result in a net export of H + out 
of the cell. Hereby, a transmembrane electrochemical potential of H+ (proton-motive force, pmf) 
is generated. According to the well-known Mitchell equation [12], pmf is composed of a 
transmembrane electrochemical gradient (A \, mV) and a transmembrane chemical gradient of 
H+ (ApH) (Mitchell, 1979):
pmf = A \  -  2.3 RT/F ApH (mV) [12]
In the equation, ApH is the difference between the intracellular and extracellular pH. R and F 
are the gas constant and Faraday constant, respectively; T is the absolute temperature. Methane- 
forming cells of M. thermoautotrophicus maintain their pmf at values ranging between -1 5 0  and 
-2 3 0  mV (Butsch and Bachofen, 1984; Sauer et al., 1994; Schönheit and Beimborn, 1985). 
ApH may vary between 0 and 0.8 pH units (Butsch and Bachofen, 1984; Kaesler and 
Schönheit, 1988; Sauer et al., 1994).
The proton-motive force drives the synthesis of ATP. In Archaea, the synthesis is 
performed by the H+-dependent A1A0 ATPase, which is the functional and structural equivalent 
of the F 1F0 ATPase found in Eubacteria and Eukarya (Deppenmeier et al., 1996, 1999; Schäfer 
et al., 1999). Physiological and genomic data suggest the presence of an F 1F0 ATPase in 
Methanosarcina, which would use sodium as the coupling ion (Becher and Müller, 1994; Müller 
et al., 1988). Direct evidence for its existence is still lacking, since such an enzyme has not been 
purified yet. Also, experiments performed with M. thermoautotrophicus and other obligate 
hydrogenotrophs indicate that the organisms may use both proton- and sodium-motive forces for 
ATP synthesis (Chen and Konisky, 1993; Kaesler and Schönheit, 1988, 1989b; Smigan et al., 
1989, 1994). However, the genome of M. thermoautotrophicus (Smith et al., 1997) and also that 
of Methanococcus jannaschii (Bult et al., 1996), which is a distinctly related thermophilic 
hydrogenotroph, reveal the presence of only one type, notably a H+-dependent A1A0 ATPase.
1 .3 .3  Cell carbon synthesis
The produced ATP is used for anabolic reactions. In general, methanogens are auxotrophs. The 
pathways of methane formation and cell carbon fixation from CO2 are directly linked, at which 
about 95% of the gas is reduced to CH4 and the remaining 5% is converted into biomass. Cell 
carbon fixation starts with the synthesis of acetyl-CoA, which occurs by the condensation of the 
methyl group derived from A5-methyl-H4MPT, CO and coenzyme A (Conrad and Thauer, 1983; 
Länge and Fuchs, 1987). The reaction is mediated by carbon monoxide dehydrogenase/acetyl- 
CoA synthetase. Since the enzyme does not only catalyze the condensation of the three 
substrates, but also the reduction of CO2 to carbonyl, it has a dual function. In a previous 
section (1.2.5), we encountered the reversed reaction, acetyl-CoA cleavage, as the key step in 
methanogenesis from acetate. By the reductive carboxylation of acetyl-CoA, pyruvate is 
produced (Tersteegen et al., 1997; Zeikus et al., 1977). Pyruvate provides the organisms with 
the entrance to the glycolytic pathway and the citric acid cycle, from which all cell carbon 
compounds can be synthesized using conventional biochemical routes (Fuchs and Stupperich, 
1982).
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In the methanogenic route from CO2 , the mechanism of ATP synthesis and the 
biosynthetic pathways are highly conserved among the different H 2-utilizing methanogenic 
species. Nevertheless, the organisms display marked differences in the efficiency at which cell 
biomass is fixed. The efficiency is more properly expressed as the specific growth yield (Fch4), 
viz. the amount of biomass formed (dry weight of cells, g) per mole of methane produced (Table
3). Specific growth yields are, however, variable for a given organism. Values highly depend on 
the growth conditions applied. In this respect, many researchers consistently observed that 
specific growth yields increased when growth was limited by the hydrogen supply (Fardeau and 
Belaich, 1986; Morgan et al., 1997; Schönheit et al., 1980; Tsao et al., 1994). Consequently, 
methanogenesis and growth are more tightly coupled under energy-limited conditions. The 
physiological and bio-energetic rationale is not understood. Nevertheless, hydrogenotrophic 
methanogens do not only show differences in specific growth yields, but also in maximal growth 
yields (Fch4 max) (Table 3). (Maximal growth yields hold, when methanogenesis and growth are 
fully coupled.) Again, this is at least remarkable, considering the uniformity in bio-energetic and 
anabolic processes, but species-related differences in Ych4 max values have not been explained 
either.
Table 3 . Specific (Ych4) and maximal growth yields (Ych4 max) of methanogenic archaea growing 
on hydrogen and CO2 . Abbreviations: Mb, Methanobacterium; Mbb, Methanobrevibacter; Mc, 
Methanococcus; Ms, Methanosarcina; Mtb, Methanothermobacter; Mtc, Methanothermococcus.
Organism YcH4 YCH4 max References
g dry weight.mol-1 of CH4
Mtb marburgensis 1.6-3.0 Schönheit et al., 1980
Mtb thermoautotrophicus 0.6-1.6
3.05; 1.77a
Taylor and Pirt, 1977
Liu et al., 1999; Schill et al., 1996
Mc jannaschii 3.6-3.7 Tsao et al., 1994
Mtc thermolithotrophicus 3.33 Fardeau and Belaich, 1986
Mb bryantii M.o.H. 2.48 Roberton and Wolfe, 1970
Mb formicicum 3.5 b.06. Schauer and Ferry, 1980; 
Chua and Robinson, 1983
Mbb arboriphilicus 2.68 Zehnder and Wuhrmann, 1977
Ms barkeri 6.37 Weimer and Zeikus, 1978
Methanosarcina strain 227 8.7 Smith and Mah, 1978
a Calculated from data presented by the authors for growth under iron and hydrogen limitation, 
respectively
b Measured in the chemostat for growth on formate
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1 .4  ADAPTATIONS TO CHANGES IN HYDROGEN SUPPLY
In methanogenic systems, hydrogen concentrations may vary by orders of magnitude. The 
immediate consequence is that the free energy changes associated with methane formation from 
hydrogen and CO2 differ between -1 3 1  kj.mol-1 of methane at a partial hydrogen pressure of 1 
Bar (105 Pa) and -3 0  kj.mol-1 at 1-20 Pa, which is the prevailing hydrogen concentration in 
many habitats. Methanogens have to adapt to these changes. The organism used in this study, 
M. thermoautotrophicus, is capable of methane formation and growth between 20 Pa and 105 Pa 
(Conrad and Wetter, 1990; Luo et al., 2002). Adaptation takes place in at least three different 
ways. (1) As mentioned above, the organisms control the coupling between methane formation 
and growth in response to hydrogen changes. (2) The membrane lipid composition changes 
during growth under different hydrogen concentrations (Kramer and Sauer, 1991; Morii and 
Koga, 1993). (3) The hydrogen supply has an immediate effect on the expression levels of the 
enzymes involved in methanogenesis. The latter aspect will be addressed upon in somewhat 
more detail.
When a M. thermoautotrophicus culture is confronted with a sudden decrease of the 
hydrogen gassing rate, the organisms instantaneously respond to this by the down-regulation of 
the mRNA levels of genes coding for most enzymes of the methanogenic pathway (Morgan et al., 
1997; Reeve et al., 1997b). Other genes are up-regulated. A subsequent restoration of the 
hydrogen supply gives the opposite effect. Prominently down-regulated are the genes encoding 
H2-dependent methylene-H4MPT dehydrogenase (H2-Mdh) and methyl-coenzyme M reductase II 
(Mcr II). Up-regulated genes notably concern their functional counterparts, F420-dependent Mdh 
and Mcr I. The lowering of the gassing rate will have as the immediate effect that the cells 
consume nearly all hydrogen gas dissolved in the medium, resulting in a dramatic decrease of 
the hydrogen concentration. Therefore, it seems likely that the dissolved hydrogen partial 
pressure triggers the differential gene expression. Growth experiments in which M. 
thermoautotrophicus was cultured at different gassing rates support this conclusion (Nölling et 
al., 1995; Reeve et al., 1997a; Vermeij et al., 1997). However, hydrogen concentrations have 
never been measured directly. Neither have enzyme expression studies been performed during 
growth under controlled hydrogen concentrations. The situation can be more complicated, since 
differential expression is also growth-phase related (Bonacker et al., 1992; Morgan et al., 1997; 
Nölling et al., 1995; Pihl et al., 1994). In this context, it should be noted that growth phase 
phenomena in methanogens have not properly been investigated, neither at the molecular nor at 
the physiological level. Furthermore, differential gene expression is affected by other 
environmental changes, including pH, growth temperature and the medium reduction state 
(Bonacker et al., 1992; Morgan et al., 1997; Pennings et al., 1997, 2000; Vermeij et al., 
1997). Although it is not clear to what degree hydrogen controls enzyme expression, it certainly 
must be a key player, considering the effect on the bioenergetics. In addition, growth phase 
shifts may very well reflect a response towards hydrogen changes. Since pH determines the 
hydrogen reduction potential and temperature has a direct effect on the solubility of the gas, 
these environmental parameters also relate to hydrogen. Similarly, the medium redox potential is 
to quite an extent determined by the hydrogen concentration.
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Fig. 4 . Processes of methane formation and cell carbon synthesis in Efe-utilizing methanogenic archaea. 
The methanogenic cell is symbolized by the rounded square. Reactions that are coupled to the import or 
export of ions (H+, Na+) are indicated by inwardly- and outwardly-directed arrows; bold characters 
represent the number of ions that is involved in the respective reactions. Reactions are numbered as 
described in the text. Abbreviations of methanogenic coenzymes: MFR, methanofuran; HMPT, 5,6,7,8- 
tetrahydromethanopterin; F420, coenzyme F420; H-S-CoM, coenzyme M, 2-mercaptoethanesulfonate; CH3- 
S-CoM, methyl-coenzyme M, 2-methylthioethanesulfonate; HS-CoB, coenzyme B, 7-mercaptoheptanoyl- 
threonine phosphate; CoM-S-S-CoB, heterodisulfide of coenzyme M and coenzyme B. Other 
abbreviations: 1, H+ slipping/leakage processes.
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1 .5  OUTLINE OF THE THESIS
In the previous sections it was described, how H2-utilizing methanogens generate their energy 
for growth from the reduction of CO2 to methane and how the energy is invested in cell growth. 
The results of the literature review are summarized in Fig. 4. Special emphasis was placed on 
the fact that the organisms have to thrive under environmental conditions in which the 
concentration of the energy source, hydrogen, can vary greatly. It was found that the 
methanogens adapt to these changes by modifying the coupling between methanogenesis and 
growth and by the differential expression of genes coding for enzymes of the methanogenic 
metabolism. This thesis deals with a number of fundamental bioenergetic and physiological 
aspects related with the adaptation towards hydrogen changes, using M. thermoautotrophicus as 
a model organism.
Variations in hydrogen concentrations must have a profound effect on the way 
methanogens organize the methanogenic machinery. Free energy changes associated with at 
least two key reactions, notably formyl-methanofuran synthesis (step 1 in Fig. 4) and 
heterodisulfide reduction (step 9), critically rely on the dissolved hydrogen partial pressure (pH2). 
A lowering in pH2 will make formyl-methanofuran synthesis more endergonic, whereas less
energy is derived from CoM-S-S-CoB reduction. This might urge the organisms to adjust the size 
of proton- and sodium-motive forces. Alternatively, Na+ and H+ translocation stoichiometries of 
the respective reactions may have to be adapted. Both strategies will have an effect on the 
amounts of ATP and biomass that can be formed per methane produced. Furthermore, 
intracellular concentrations of the methanogenic intermediates will depend on the hydrogen 
concentrations in the medium. This especially holds for the reactions that are directly coupled to 
H2 oxidation, like the already mentioned formyl-methanofuran synthesis and CoM-S-S-CoB 
reduction, as well as the reduction of F420 (step 6).
The above-indicated bioenergetic aspects will be investigated in Chapters 2 to 5 of this 
thesis. Therefore, new methods had to be developed for the routine analysis of the membrane 
potential (A \) and ApH (Chapter 2), for the analysis of oxidized and reduced F420 (Chapter 4), 
for the determination of methanofuran and formylmethanofuran, as well as of HS-CoM, HS-CoB 
and CoM-S-S-CoB (Chapter 3). It will be shown in Chapter 4, that the ratio between oxidized 
and reduced F420 is, under most conditions, in thermodynamic equilibrium with extracellular 
hydrogen. This would make the couple F420/F420H2 a perfect candidate to assess intracellular pH2.
In Chapter 5, the bioenergetics of formyl-methanofuran synthesis and heterodisulfide reduction 
is studied in some detail. In the experiments, cells are used that had been grown under 
controlled hydrogen concentrations in the chemostat. Evidence is presented that methanogens, 
indeed, adjust the proton- and sodium translocation stoichiometries in response to changes in 
the hydrogen concentrations.
In Chapter 6, the growth behavior of M. thermoautotrophicus in a fed-batch fermentor is 
explored, focussing on the coupling between methanogenesis and biomass formation. For this 
purpose, the organism has been cultured under a variety of H 2/CO2 gassing regimes, while 
continuously recording pH2. It appears that the organism follows a well-defined growth cycle
composed of distinct growth phases. To fundamentally understand the coupling between 
methane formation and growth, mathematical expressions are derived in Chapter 7 that relate 
both parameters and that enable the theoretical calculation of Ych4 max values. The expressions 
are based on the model of the methanogenic cell shown in Fig. 4. It is anticipated that proton-
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slip or proton-leakage reactions (1 in Fig. 4) will play an important role in the coupling. The 
theory will be verified in experiments in which M. thermoautotrophicus was grown under 
controlled hydrogen concentrations in the chemostat. Furthermore, it will be shown that 
calculated Ych4 max values are in close agreement with experimental data from literature (Table 3) 
and with own measurements.
During growth in the fed-batch fermentor, M. thermoautotrophicus proceeds through a 
number of distinct growth phases (Chapter 6). Experiments described in the last Chapter (8) 
indicate that the shift of one growth phase to the next is triggered by marked changes in the 
proton-motive force, in particular in intracellular pH. The cause of the changes is discussed in 
relation with the way the methanogens deal with their hydrogen metabolism.
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Abbreviations used:
coenzyme F420 or F4 20 , N-(N-L-lactyl-j-L-glutamyl)-L-glutamic acid phosphodiester of 7,8- 
didemethyl-8-hydroxy-5-deazariboflavin 5 ’-phosphate; F420H2 , 1,5-dihydro-F420; Ap (given in 
mV), proton-motive force, transmembrane electrochemical potential of protons; ApH, 
transmembrane chemical gradient of H +; A \  (given in mV), membrane potential, 
transmembrane electrochemical electrical gradient; DiBAC4(3), bis-(1,3-dibutylbarbituric 
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44
Convenient fluorescence-based methods to measure membrane potential and intracellular pH
ABSTRACT
New and improved methods to determine the membrane potential (A \ )  and the ApH in 
methanogenic archaea were developed and tested in Methanobacterium thermoautotrophicum 
strain AH. The ApH measurements took advantage o f  the pH-dependent fluorescence properties o f  
coenzyme F420, the major intracellular electron carrier in the organism. The protonophore p- 
nitrophenol did not show any interference with the F 420 fluorescence spectra and was therefore 
suitable to equalize internal and external pH. The method developed allowed the determination o f  
the intracellular pH  with an error o f  less than 0.05 pH  units.
Membrane potentials could easily be assessed using the fluorescent probe bis -(1,3- 
dibutylbarbituric acid)trimethine oxonol (DiBAC4(3)) with an accuracy o f  approximately 10 mV. 
Both methods were tested with cell suspensions o f  M. thermoautrophicum incubated at medium pH  
values between 5.5 and 8. It was found that A \  and ApH values remained constant under these 
conditions. Membrane potentials were about -1 6 0  mV and ApH was kept at 0.35 pH  units (inside 
minus outside) resulting in a total proton motive force o f  about -1 8 0  mV (inside negative).
2 .1  INTRODUCTION
Methanogenic archaea couple the process of methane formation to a net efflux of protons out of 
the cell (Thauer, 1998; Deppenmeier et al., 1999). The generated proton motive force is used 
to drive ATP synthesis by means of the membrane-bound ATP synthase. Determination of the 
proton motive force (Ap) requires measurement of both the membrane potential (A \) and pH 
gradient (ApH; pHin - pHout) across the cell membrane. The size of Ap (mV) is calculated by the 
well-known Mitchell equation [1]:
Ap = A \  + 2.3 RT/F.ApH (mV) [1]
Previous methods to measure A \  and ApH in methanogens used radiolabeled compounds, like 
tetra[U-14C]phenylphosphonium (TPP+), 86Rb+ or [14C]benzoic acid, and included laborious 
centrifugation or vacuum filtration steps (Jarrell and Sprott, 1981; Schönheit et al., 1984; Dybas 
and Konisky, 1992). Alternatively, TPP+-specific electrodes were employed to monitor A \  in 
Methanobacterium thermoautotrophicum (Butsch and Bachofen, 1984), whereas intracellular pH 
has been determined by means of 31P-NMR spectroscopy (Sauer et al., 1994).
A central electron carrier in methanogenic metabolism is the deazaflavin derivative 
coenzyme F4 2 0 . The compound is involved in a series of catabolic and anabolic reactions and is 
present in high concentration in the organisms (DiMarco et al., 1990). Coenzyme F420 displays 
an intense blue fluorescence under ultraviolet light. This property is very useful to detect 
methanogens in environmental samples by epifluorescence microscopy (Doddema and Vogels,
1978). Both the fluorescence and absorption spectra are strongly pH-dependent (Eirich et al.,
1979). In the protonated form (pH < 5), F420 has maximal emission at 395 nm excitation. At pH 
8 and above, the excitation peak has shifted to 420 nm. Recently, von Felten and Bachofen 
(2000) described a method for continuous monitoring the cytoplasmic pH using the pH-
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dependent absorption characteristics of F4 2 0 . In this paper, a similar but more sensitive method 
will be described, which takes advantage of the fluorescence properties of coenzyme F4 2 0 .
The use of fluorescent probes as membrane potential indicators has found broad 
application in research on organisms from eukaryotic and eubacterial origin (Freedman and 
Laris, 1981). Probes are generally accurate and easy to apply. Still, the use of voltage-sensitive 
dyes in archaeal research is limited. The only example described in literature deals with the 
application of 3 ,3 ’-dipentyloxadicarbocyanine iodide (DiO-C5(3)) for determining membrane 
potentials in vesicle preparations of the extreme halophile Halobacterium halobium (Renthal and 
Lanyi, 1976). More recently, Beck and Huber (1997) demonstrated that the membrane 
potential-sensitive probe bis-(1,3-dibutylbarbituric acid)trimethine oxonol (DiBAC4(3)) is an 
indicator to distinguish dead from viable cells for a variety of hyperthermophilic archaeal 
species. In this paper we will show that DiBAC4(3) is also a very suitable probe for measuring 
membrane potentials in M. thermoautotrophicum.
2 .2  MATERIALS AND METHODS
2 .2 .1  Materials
Coenzyme F420 was purified from whole cells of M. thermoautotrophicum according to 
established procedures (te Brömmelstroet et al., 1990); cell extracts of the organism were 
prepared by methods described by the same authors. DiBAC4(3) was purchased from Molecular 
Probes (Eugene, OR, USA), 3 ,3 ’,4’,5-tetrachlorosalicylanilide (TCS) was from Eastman Kodak 
(Rochester, NY, USA), valinomycin was from ICN (Costa Mesa, CA, USA), and p-nitrophenol 
from BDH (Poole, UK). All other chemicals were of the highest grade available. Gasses were 
supplied by Hoek-Loos (Schiedam, the Netherlands). To remove traces of oxygen, hydrogen- 
containing gasses were passed over a BASF RO-20 catalyst at room temperature; nitrogen- 
containing gasses were passed over a pre-reduced R3-11 catalyst at 1500C. The catalysts were a 
gift of BASF Aktiengesellschaft (Ludwigshafen, Germany).
2 .2 .2  Growth o f M. therm oautotrophicum
M. thermoautotrophicum strain AH (DSM 1053) was cultured in a 12-l fermentor containing 10 
liters of mineral medium under an H2/CO2 atmosphere (80%/20%; v/v) at 650C and pH 7.0 
(Schönheit et al., 1979). Medium contained the following constituents (g.l-1): KH2PO4 (6.8), 
Na2CO3 (3.3), NH4O  (2.1), trace elements stock solution (0.1%; v/v) (Schönheit et al., 1979), 
and cysteine.HCl (0.6), Na2S.2H2O (0.6) and Na2S2O3 (0.5) as reducing agents.
M. thermoautotrophicum was grown in 25-ml amounts in crimp-sealed serum bottles 
(115 ml). Media were as described above and were adjusted to the desired pH (5.0-7.5) by 
addition of appropriate amounts of HCl or KOH. After inoculation, cultures were pressured 
daily with 80% H2/20% CO2 (v/v; 200 kPa). Growth took place at 650C.
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2 .2 .3  Incubation o f cell suspensions
Cells were anoxically collected from 12-l fed-batch cultures or were obtained from serum bottle 
cultures. Samples were diluted inside an anaerobic glove box with growth medium to give a final 
optical density at 600 nm (OD600) of exactly 0.20 (0.085 mg dry weight.ml-1). Resazurin (0.1 
%o, w/v) was added as a redox indicator. Cell suspensions were divided into 10-ml portions in 
115-ml serum bottles. To dissipate the membrane potential in control series, TCS (20 nmol.mg-1 
of dry weight) was added from a 1 mM stock solution in ethanol. The bottles were closed with 
black butyl rubber stoppers and aluminum crimped seals, evacuated and pressured with 80% 
H2/20% CO2 (v/v; 200 kPa). Hereafter, 1 mM titanium citrate (Zehnder and Wuhrmann, 1976) 
was added by means of a syringe to remove traces of oxygen. Ethane (1 ml) served as the 
internal standard for methane measurements (Gijzen et al., 1991).
Reactions were initiated by placing the serum bottles in a waterbath at 650C. At regular 
times, head space samples were withdrawn and analyzed for methane on a HP 5890 gas 
chromatograph equipped with a Poropack Q column and a flame ionization detector. As soon as 
methane formation had started, the serum bottles were transferred to a rotary shaking incubator 
operating at 200 rpm and 650C, and incubations were continued for 15 min. During this period, 
methane formation proceeded linearly in time. Reactions were subsequently stopped by rapidly 
cooling the serum bottles in ice-cold water. Serum bottles were opened and A \  and ApH 
measurements were immediately performed.
2 .2 .4  ApH m easurements
For the preparation of calibration curves for pH measurements, cell suspensions were 
aerobically diluted to an OD600 of 0.20 in growth medium that had been adjusted to pH values 
ranging between 5 and 8. Next, p-nitrophenol (final concentration, 24 zM) was added to 
equalize the intracellular and medium pH. Fluorescence emission spectra were recorded at 
room temperature on an AMINCO SPF-500 fluorimeter at excitation wavelengths varying 
between 340 and 370 nm (band pass, 4 nm) and emission at 471 nm (band pass, 2 nm). In the 
calibration curve, the relative fluorescence (Frel) is plotted against medium pH. Frel is defined as 
the ratio between the fluorescence emission at 423 nm (F423) and 398 nm (F398), respectively. 
The latter wavelength refers to the pH-isosbestic point in the spectra (see results). p-Nitrophenol 
causes a small red shift of 4 nm in the fluorescence, resulting in a redefinition of Frel as the ratio 
between fluorescence emission at 427 nm (F427) and 402 nm (F402), respectively.
To measure the pH gradient across the cell membrane, Frel was determined for the 
incubated cell suspensions, enabling calculation of the intracellular pH (pHi) from the calibration 
curve. Hereafter, p-nitrophenol was added to a final concentration of 24 zM, and fluorescence 
measurements were repeated. From the second Frel obtained, the external (medium) pH (pHout) 
could be derived and checked against pH meter recordings.
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2 .2 .5  Determination o f the membrane potential
Testing and calibration of DiBAC4(3) proceeded essentially as described by Freedman and 
Novak (1989) and Rottenberg (1979, 1989). Unless specified otherwise, handling took place 
under air; cell suspensions and solutions were stored on ice. Fluorescence measurements were 
performed at ambient temperature on an AMINCO SPF-500 fluorimeter at an excitation 
wavelength of 494 nm (band pass, 5 nm) and an emission wavelength of 518 nm (band pass, 8 
nm).
For the preparation of calibration curves, cells collected from 10-l fed-batch cultures 
were centrifuged (10 min; 27,000 x g; 40C). The pellets obtained were washed three times in 
10 mM HEPES buffer (pH 7.0) containing 0.2 M NaCl and centrifuged. Hereafter, pellets were 
taken up to a final OD600 of 0 .20 in HEPES buffer containing 0 to 1000 mM KCl. The buffer 
was kept at room temperature. After suspension, cell samples were divided into two portions. To 
one portion, DiBAC4(3) was added in a final amount of 0.8 nmol.mg-1 of dry cells and the 
fluorescence (Fpol) was immediately recorded. The second portion was firstly incubated with 
valinomycin (2.5 nmol.mg-1 of dry weight) to dissipate the potassium potential, and the 
fluorescence of the depolarized cells (Fdep) was measured after addition of the same amount of 
DiBAC4(3). Relative fluorescence changes (%AF) were calculated according to [2]:
%AF = 100.(Fpol -  Fdep)/Fdep [2]
Membrane potentials were determined from the ratios between the intracellular [K+in] and 
extracellular [K+out] potassium concentrations as described by the Nernst equation [3]:
A \  = -2.3.(R.T/n.F).log [K+m]/[K+out] (mV) [3]
In the equation 2.3.(RT/nF) equals 67 mV at 650C. [K+in] is defined as the K+ concentration in 
the suspension medium at which no fluorescence change is obtained after addition of 
valinomycin.
To determine A \  in active methane-forming cell suspensions, DiBAC4(3) (0.8 nmol. mg-1 
of dry weight) was added to cooled samples and the fluorescence (Fpol) was measured 
immediately. Fdep was obtained after addition of the probe to control series that had been 
incubated in the presence of TCS (20 nmol.mg-1 dry weight of cells).
2 .3  RESULTS
2 .3 .1  pH-dependent fluorescence characteristics o f coenzym e F420 in whole cells
Whole cells (OD 600 = 0.20) were incubated in the presence 24 zM p-nitrophenol in growth 
medium of different pH (3.5-8.5) and fluorescence excitation and emission spectra of 
intracellular coenzyme F420 were recorded (Fig. 1a). The excitation spectra showed prominent 
pH-dependent changes. The decrease from pH 8 to pH 5, for instance, resulted in the 
disappearance of the emission (471 nm) at 427 nm excitation. The maximal emission 
wavelength was pH-independent and was situated at 471 nm. Fluorescence spectra of whole
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wavelength pH
Fig. 1. pH dependence of the fluorescence excitation spectra of intracellular coenzyme K20. (A) Cells of 
M. thermoautotrophicum were diluted to ODôoo = 0.2 in growth medium containing 24 zM p-nitrophenol 
and adjusted to the pH values indicated. The fluorescence spectrum of p-nitrophenol (24 zM) is 
represented by (...). Excitation spectra were recorded at 471 nm emission. (B) Plot of the relative 
fluorescence (Frel) versus medium pH. Frel is defined as the ratio between the fluorescence emission at 
427 nm and 402 nm.
cells were identical to those obtained for purified coenzyme F420 (10 zM) dissolved in media of 
the same pH values (data not shown). The findings demonstrate that other intracellular 
components did not interfere with F420 fluorescence and that the protonophore p-nitrophenol 
completely abolished differences between internal and external pH. In addition, p-nitrophenol 
did not show a significant fluorescence ( <1 %)  in the 340-460 nm excitation range (Fig. 1a).
In the presence of p-nitrophenol, changes in fluorescence characteristics took place 
around a quasi-isosbestic point at approximately 402 nm. In its absence, the point was located 
at a wavelength of 398 nm, both in whole cells and with purified F4 2 0 . A plot of the ratio 
between the 427 nm and 402 nm emission fluorescence (Frel) at 471 nm emission versus the pH 
applied, gave a straight line for the physiological pH range 5-8 (Fig. 1b).
2 .3 .2  The use o f coenzym e F420 as an intracellular pH indicator
The above findings suggest the application of the F420 fluorescent properties as a means to 
measure the internal pH of the cells. To test this, cells from fed-batch fermentor cultures were 
collected at different growth stages and taken up in growth medium, both under oxic and anoxic 
conditions and in the presence or absence of 24 zM p-nitrophenol. The cell suspensions were 
kept at different temperatures and fluorescence spectral changes were followed over time. 
During incubation at elevated temperatures ( >45°C) or at room temperature for prolonged 
periods of time, spectra initially changed (ti/2 5-15 min, depending on the incubation 
temperature), but eventually stabilized. Comparison between fluorescence and pH meter 
measurements concluded that the final F420 spectra conferred the medium pH. Apparently, the 
spectral changes were the result of proton movements across the cell membrane such that 
internal and external pH were equalized. In contrast, no significant spectral changes were 
observed within a 15-min period of time, when cells were immediately cooled in ice. Spectral 
characteristics were independent of the type of cells (exponential, stationary). No differences
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Fig. 2. Relative fluorescence amounts (%AF) of DiBAC4(3) in cell suspensions of M. 
thermoautotrophicum at varied extracellular K+ concentrations. Washed cell suspensions were incubated 
in the absence and presence of valinomycin to yield the fluorescence emission at 518 nm (excitation, 494 
nm) in polarized (Fpol) and depolarized (Fdep) cells, respectively. %AF is defined as 100.(Fpol-Fdep)/Fdep. 
Measurements were performed as described in the Materials and methods section. Membrane potentials 
(A\, mV) were calculated according to the Nernst equation.
were observed whether the procedure was carried out under oxic or anoxic conditions. Spectra 
only changed after addition of protonophore (TCS, p-nitrophenol) to correspond with the 
medium pH. The findings show that the F420 fluorescence spectra in the cooled samples are a 
good indicator of the intracellular pH.
Our proposed procedure to determine the intracellular pH involves the simple dilution of 
cell samples in cold aerobic medium (pH 7) and measuring the fluorescence at 423 and 398 nm 
excitation (emission, 471 nm). Calculation of the fluorescence ratio and relation to the 
calibration curve (Fig. 2) permits the assessment of the pHi. Control measurements using p- 
nitrophenol-treated cells generally showed a deviation of less than 0.05 pH units between pH 
meter recordings and the fluorescence-based method. In our experiments, cells were diluted to 
an 0 Dó00 = 0.20. At higher densities, fluorescence intensities increased in a non-linear way, 
which could be the result of quencing effects. Deviation from linearity was, however, relatively 
small (less than 10% at 0 Dó00 = 1).
2 .3 .3  The use o f DiBAC4(3) as a probe to determine the membrane potential
DiBAC4(3) is an anionic probe, which distributes across the cell membrane according to a 
Nernst-type equilibrium (Bräuner et al., 1984). Upon binding to proteins and membranes, the 
probe exhibits enhanced fluorescence and a red spectral shift (excitation, 494 nm; emission, 
518 nm). To investigate the applicability of the compound for measuring membrane potentials in 
M. thermoautotrophicum, we first tested the effect of the presence of cells in combination with
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different ionophores on the fluorescence characteristics. No such effects were observed, if 
ionophores were added to the cell suspensions prior to the probe. The amount of probe used 
(0.8 nmol.mg-1 of dry cells) was chosen such that the relative difference in fluorescence emission 
intensities between polarized and depolarized cells (%AF) was maximal. Before measurement, 
cell suspensions were diluted to an ODó00 of 0.20. Fluorescence responses were found to be 
critically dependent on the cell densities employed. Consequently, calibration and measuring 
procedures took place at standardized cell density (here: 0D6öö = 0.20).
2 .3 .4  Calibration and measuring procedures
Calibration took place on the basis of K+ potentials (Freedman and Novak, 1989). Therefore, 
cells were extensively washed and suspended to 0D6öö = 0.20 in 10 mM HEPES buffer (pH 7.0) 
containing 0-1000 mM KCl. Emission responses were subsequently monitored in the absence 
and presence of valinomycin (2.5 nmol.mg-1 dry weight of cells). This gave the fluorescence 
intensities of the polarized (Fpol) and depolarized (Fdep) cells, respectively. When the relative 
fluorescence ratios (%AF) expressed as 100.(Fpol -  Fdep)/Fdep were plotted against the logarithm 
of the external K+ concentrations, three linear sections were obtained (Fig. 2). At low [K+out] 
( < 5 0  mM) relative fluorescence changes were only small. The slope was highest at high 
external potassium concentrations. Under the latter conditions, cells tended to coagulate and the 
response is likely due to an artifact. The intermediate section ([K+out] = 50-500 mM) included 
both the ionic strength of the growth medium (212 mM) and the concentration at which the 
extracellular and intracellular potassium concentrations were equal (A \ = 0  mV). Membrane 
potentials were obtained from the (extrapolated) mid-section of the calibration curve (Fig. 2). To 
improve the quality of the calibration curve, the K+ concentrations were varied together with 
external Na+ in such a way that the total ionic strengths remained constant (200-1000 mM). 
However, no significant differences were observed with respect to the curve shown in Fig. 2.
In order to measure the membrane potentials in energized cells from fermentor cultures 
or suspension incubations, samples were diluted to 0D6öö = 0.20 in ice-cold growth medium. The 
fluorescence response (Fpol) was recorded immediately after the addition of the probe. Fdep was 
obtained from cells that had been incubated in the presence of TCS (20 nmol.mg-1 of dry 
weight). This amount completely inhibited methane formation. In addition, the fluorescence 
response of TCS-incubated cells was equal to the one measured for broken cells. The 
observations indicate that TCS treatment resulted in the complete dissipation of the membrane 
potential. It should be noted that the fluorescence intensities of the polarized cells were always 
higher than those of the depolarized cells, giving positive-signed %AF values. This would imply 
that, in the case of polarized cells, DiBAC4(3) was associated with positively charged residues 
present at the outer side of the cell membrane. The situation is reversed to the one in the 
calibration procedure that used K+ gradients in extensively washed cells. To derive the 
membrane potentials from fluorescence measurements (Fig. 2), A \  values consequently should 
read with opposite signs. In introductory experiments, measuring procedures were performed 
both under oxic and under carefully controlled anaerobic conditions. Both procedures gave 
identical results, provided that cells were anoxically collected, immediately cooled and 
transferred to cold dilution medium.
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Fig. 3. Effect of the medium pH on the intracellular pH of M. thermoautotrophicum. Cell suspensions 
were incubated in media with varied pH values (pHut) and intracellular pH values (pHn) were 
determined as described in the Text. Incubations took place at 65*C under H2/CO2 (80%/20%, v/v) 
atmosphere (O), N2/CO2 (80%/20%, v/v) atmosphere (Q), or under H2/CO2 (80%/20%,v/v) in the 
presence of TCS (20 nmol.mg'1 dry weight of cells) (V).
2 .3 .5  ApH and A \  in M. therm oautotrophicum  AH
The procedures described above were tested in a series of experiments in which cells were 
grown in serum bottles at pH values varying between 5.5 and 8. Hereafter, cells were diluted to 
0Dó00 = 0.20 in fresh medium of corresponding pH and the cell suspensions were incubated 
under 80% H2/20% CO2 or under 80% N2/20% CO2 . Control series received TCS (20 nmol.mg'1 
dry weight of cells). Cells that were incubated under hydrogen atmosphere produced methane at 
a rate of 1.84 ± 0.6 zmol.min'1 mg'1 of dry weight, irrespective of the medium pH. No methane 
was formed by cells that had been incubated under nitrogen atmosphere, or in the presence of 
TCS. Following incubation, intracellular pH and membrane potentials were determined. It was 
found that H2-incubated cells maintained a 'p H  across the cell membrane of 0.35 ± 0.05 units 
(inside alkaline) under all media pH values tested (Fig. 3). Remarkably, same 'p H  values were 
measured when cells were incubated under 80% N2/20% CO2 . Intra' and extracellular pH 
values were the same, when incubations had been performed in the presence of TCS. Cell 
suspensions incubated under 80% H2/20% CO2 built up a membrane potential of -1 6 0  ± 5 mV 
at all pH values tested (Fig. 4). In TCS-incubated cell suspensions the membrane potentials were 
dissipated. From eqn. [1] a proton motive force ( 'p )  of approximately -1 8 0  mV could be 
calculated for methane producing cell suspensions. ' \  values of the same size (-180  ± 5 mV) 
were obtained, when TCS (2 nmol.mg'1 dry weight) was added after incubation under 80% 
H2/20% CO2 (Fig. 4). The addition abolished the pH differences across the membrane (data not 
shown). Apparently, proton influx was counteracted by a redistribution of DiBAC4(3) to a degree 
that the apparent ' \  became equal to the original 'p .  This finding indicates that the dye is a 
reliable probe for membrane potential measurements.
In the experiments shown in Figures 3 and 4 cells were used that had been grown at small 
scales in serum bottles. 'p H  and ' \  measurements were also done on cells from fermentor 
cultures. Cells were anoxically sampled at different growth stages and directly
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Fig. 4. Effect of the medium pH on the membrane potential A \) of M. thermoautotrophicum. Cell 
suspensions were incubated in media with varied pH values (pHu) as described in the Text under 
H2/CO2 (80%/20%, v/v) atmosphere in the absence (>) or presence (•) of TCS (20 nmol.mg'1 dry weight 
of cells). To a series that had been incubated under H/CO2 without TCS, TCS (2.5 nmol.mg1 dry weight) 
was added after incubation (I).
analyzed for their intracellular pH and membrane potential. Alternatively, sampled cells were 
incubated in serum bottles, after appropriate dilution in fresh growth medium, and subsequently 
analyzed. Direct measurements and suspension incubations gave the same results, notably if the 
incubations had taken place under comparable conditions (pH, hydrogen partial pressure) as 
present in the fermentor during sampling. However, growth phase-related differences were 
noted. Cells from the early- and mid-exponential growth stages maintained significant ApHs (0.6 
units and more; inside alkaline) and membrane potentials amounted to at least -2 0 0  mV. Intra- 
and extracellular pH equalized when cells entered the stationary phase. These cells kept their 
membrane potentials at -1 6 0  to -1 8 0  mV. The latter values further decreased in the course of 
the stationary phase concomitant to the decrease in methane-forming activity of the culture.
2 .4  DISCUSSION
In this paper, simple and rapid methods are described to measure the ApH and A \  in M. 
thermoautotrophicum cells. Both methods include a simple dilution step, fluorimetric 
measurements and comparison against calibration curves.
ApH determinations take advantage of the pH-dependent fluorescent characteristics of 
coenzyme F4 2 0 , a low-molecular-weight electron carrier which is present in the organism in 
concentrations as high as 2 mM (Vermeij et al., 1997). Previous methods to measure the 
intracellular pH in methanogenic archaea were based on the ApH-dependent distribution across 
the cell membrane of radioactive-labeled compounds, like benzoic acid, methylamine or 
dimethylamine (Jarrell and Sprott, 1988; Kaesler and Schönheit, 1988; Dybas and Konisky, 
1992). These methods include elaborate washing, filtration or centrifugation steps that may 
negatively effect the accuracy. In addition, the methods are prone to systematic errors if the 
radioactive probes are metabolized, or if they do not enter the cells properly. Recently, a
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method was described by von Felten and Bachofen (2000), who used the UV-visible light 
absorption characteristics of coenzyme F420 for on-line monitoring the intracellular pH in 
growing cultures of M. thermoautotrophicum. In this method, cellular absorbancies are measured 
at multiple wavelengths. The absorption data are evaluated to address growth-related changes in 
cell scattering and in background absorption of cellular components other than F420 , and to 
account for F420 spectral differences that are the result of changes in the concentration ratios 
between oxidized and reduced F4 2 0 . Our method is based on the fluorescence properties of 
(oxidized) F420 and the results obtained favorably compare the findings by Felten and Bachofen 
(2000). The method described here, however, has some additional advantages. The 
fluorescence properties of F420 are quite specific and measurements are not interfered by other 
cellular components. In addition, since F420 is highly fluorescing, our procedure can be applied 
at low cell densities (0D600 = 0.2 and even less). In the experiments described by Von Felten 
and Bachofen (2000), measurements were made at approximately 10-fold higher cell densities.
The method to determine the membrane potentials in M. thermoautotrophicum uses the 
fluorescence properties of DiBAC4(3). Voltage-sensitive probes are generally quite accurate, but 
results are critically dependent on the calibration procedure (Bräuner et al., 1984; Rottenberg,
1989). Here, calibration was accomplished by imposing a transmembrane potential using 
valinomycin in conjunction with externally applied K+ solutions. The procedure resulted in 
curves that contained three linear sections (Fig. 2). Fluorescence responses were lowest at low 
and highest at high external K+ concentrations, respectively. The high response is likely to be 
due to an artifact, since cells tended to coagulate under these conditions. Membrane potentials 
were determined from the mid-section of the calibration curve and extrapolation thereof. 
Obviously, extrapolation may not be justified. However, we calculate membrane potentials for 
M. thermoautotrophicum (-160 to -200 mV, depending on the growth stage from which cells 
were sampled) that fully agree the data published in literature (-160 to -200 mV) (Schönheit et 
al., 1984; Butsch and Bachofen, 1984; Kaesler and Schönheit, 1988; Sauer et al., 1994). 
Literature data were obtained by different methods involving the application of radiolabeled 
tracers (TPP+, 86Rb+) and TPP+-specific electrodes. Apparently, the method described here 
offers a reliable and experimentally simple alternative to estimate the membrane potentials in M. 
thermoautotrophicum.
Methanogenic archaea are obligately anaerobic microorganisms. The presence of oxygen 
causes the instantaneous inhibition of the process of methane formation, decrease of the cellular 
ATP concentrations and dissipation of the proton-motive force (Robertson and Wolfe, 1970; 
Butsch and Bachofen, 1984). Therefore, all steps in the measurement procedures were initially 
performed under carefully controlled anoxic conditions. However, if cells are sampled 
anaerobically with immediate cooling, the same results are obtained after aerobic measurements. 
By the cooling, cells of the thermophilic organism apparently become fixed into an energetic 
status (ApH and A \)  which confers the in situ conditions, permitting measurements to be made 
easily under air.
ACKNOWLEDGEMENTS
The work of Linda de Poorter was supported by the Council for Earth and Life Sciences (ALW), 
which is subsidized by the Netherlands Organization for Scientific Research (NWO). We would 
like to thank the Department of Cell Biology of the University of Nijmegen for usage of their
54
Convenient fluorescence-based methods to measure membrane potential and intracellular pH
fluorimetric equipment. Dr. A.P.R. Theuvenet of the Department of Cell Biology is greatly 
acknowledged for his helpful advice. Prof. dr. ir. M.S.M. Jetten is acknowledged for critically 
reading the manuscript.
REFERENCES
Beck, P., and R. Huber. 1997. Detection of cell viability in cultures of hyperthermophiles. FEMS Microbiol. 
Lett. 147:11-14.
Brauner, T., D.F. Hülser, and R.J. Strasser. 1984. Comparative measurements of membrane potentials with 
microelectrodes and voltage-sensitive dyes. Biochim. Biophys. Acta 771:208-216.
Butsch, B.M., and R. Bachofen. 1984. The membrane potential in whole cells of Methanobacterium 
thermoautotrophicum. Arch. Microbiol. 138:293-298.
Deppenmeier, U., T. Lienard, and G. Gottschalk. 1999. Novel reactions involved in energy conservation by 
methanogenic archaea. FEBS Lett. 457:291-297.
DiMarco, A.A., T.A. Bobik, and R.S. Wolfe. 1990. Unusual coenzymes of methanogenesis. Annu. Rev. 
Biochem. 59:355-394.
Doddema, H.J., and G.D. Vogels. 1978. Improved identification of methanogenic bacteria by fluorescence 
microscopy. Appl. Environ. Microbiol. 36:752-754.
Dybas, M., and J. Konisky. 1992. Energy transduction in the methanogen Methanococcus voltae is based on a 
sodium current. J. Bacteriol. 174:5575-5583.
Eirich, L.D., G.D. Vogels, and R.S. Wolfe. 1979. Distribution of coenzyme F420 and properties of its 
hydrolytic fragments. J. Bacteriol. 140:20-27.
Freedman, J.C., and P.C. Laris. 1981. Electrophysiology of cells and organelles: studies with optical 
potentiometric indicators. Int. Rev. Cyt. Suppl. 12:177-246.
Freedman, J.C., and T.S. Novak. 1989. Optical measurement of membrane potential in cells, organelles, and 
vesicles. Meth. Enzymol. 172:102-122.
Gijzen, H.J., C.A.M. Broers, M. Barugahare, and C.K. Stumm. 1991. Methanogenic bacteria as 
endosymbionts of the ciliate Nyctotherus ovalis in the cockroach hindgut. Appl. Environ. Microbiol. 57:1630-1634.
Jarrell, K.F., and G.D. Sprott. 1981. The transmembrane electrical potential and intracellular pH in 
methanogenic bacteria. Can. J. Microbiol. 27:720-728.
Kaesler, B., and P. Schönheit. 1988. Methanogenesis and ATP synthesis in methanogenic bacteria at low 
electrochemical proton potentials. An explanation for the apparent uncoupler insensitivity of ATP synthesis. Eur. J. 
Biochem. 174:189-197.
Renthal, R., and J.K. Lanyi. 1976. Light-induced membrane potential and pH gradient in Halobacterium 
halobium envelope vesicles. Biochemistry 15:2136-2143.
Robertson, A.M., and R.S. Wolfe. 1970. Adenosine triphosphate pools in Methanobacterium. J. Bacteriol. 
102:43-51.
Rottenberg, H. 1979. The measurement of membrane potential and ApH in cells, organelles, and vesicles. Meth. 
Enzymol. 55:547-569.
Rottenberg, H. 1989. Proton electrochemical potential gradient in vesicles, organelles, and prokaryotic cells. 
Meth. Enzymol. 172:63-84.
Sauer, F.D., B.A. Blackwell, and J.K.G. Kramer. 1994. Ion transport and methane production in 
Methanobacterium thermoautotrophicum. Proc. Natl. Acad. Sci. USA 91:4466-4470.
55
Chapter 2
Schönheit, P., D.B. Beimborn, and H.J. Perski. 1984. Potassium accumulation in growing Methanobacterium 
thermoautotrophicum and its relation to the electrochemical proton gradient. Arch. Microbiol. 140:247-251.
Schönheit, P., J. Moll, and R.K. Thauer. 1979. Nickel, cobalt and molybdenum requirement for growth of 
Methanobacterium thermoautotrophicum. Arch. Microbiol. 123:105-107.
te Brömmelstroet, B.W., C.M.H. Hensgens, J.T. Keltjens, C. van der Drift, and G.D. Vogels. 1990. 
Purification and properties of 5,10-methylenetetrahydromethanopterin reductase, a coenzyme F420-dependent 
enzyme, from Methanobacterium thermoautotrophicum strain AH. J. Biol. Chem. 265:1852-1857.
Thauer, R.K. 1998. Biochemistry of methanogenesis: a tribute to Marjory Stephenson. Microbiology 144:2377­
2406.
Vermeij, P., J.L.A. Pennings, S.M. Maassen, J.T. Keltjens, and G.D. Vogels. 1997. Cellular levels of 
factor 390 and methanogenic enzymes during growth of Methanobacterium thermoautotrophicum strain AH. J. 
Bacteriol. 179:6640-6648.
Von Felten, P., and R. Bachofen. 2000. Continuous monitoring of the cytoplasmic pH in Methanobacterium 
thermoautotrophicum using the intracellular factor F420 as indicator. Microbiology 146:3245-3250.
Zehnder, A.J.B., and K. Wuhrmann. 1976. Titanium (III) citrate as a nontoxic oxidation-reduction buffering 
system for the culture of obligate anaerobes. Science 194:1165-1166.
56
3.
Analysis o f thiol-containing (HS-CoM, HS-CoB) 
coenzymes and methanofuran derivatives from  
methanogenic Archaea
Linda M.I. de Poorter, John M.H. Hermans and Jan T. Keltjens
57
Abbreviations used:
Coenzyme B, HS-CoB, 7-mercaptoheptanoylthreonine phosphate; Coenzyme M, HS-CoM, 2- 
mercaptoethanesulfonic acid; CoM-S-S-CoB, heterodisulfide of HS-CoM and HS-CoB; DNTB, 
2 ,2 ,'dinitrO'5,5,'dithiobenzoic acid;methanofuran, MFR, 4'[N'(4,5,7,'tricarboxy'heptanoyl'Y'L' 
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ABSTRACT
New methods were developed to analyze the methanofuran, coenzyme M (HS-CoM) and coenzyme B  
(HS-CoB) derivatives in methanogenic cells. Methanofuran was quantified after derivatization with 
V-phtaldialdehyde in combination with HPLC separation and fluorescence detection. Analyses 
were accurate (± 5%) and amounts as low as 10 pmoles could be detected. Formyl-methanofuran 
was determined from the total methanofuran pool after quantitative conversion into methanofuran. 
HS-CoM and HS-CoB were determined by use o f  the fluorescent probe monobromobimane, 
combined with HPLC separation. Amounts as low as 25 pmole could be detected, and 
measurements had errors o f less than 10%. Cellular contents o f  the heterodisulfide o f  HS-CoM and 
HS-CoB (CoM-S-S-CoB) were analyzed after enzymic reduction o f  the compound into its free thiols.
Both methods were tested in fed-batch fermentor cultures o f  Methanothermobacter 
thermoautotrophicus. Total methanofuran contents increased during growth from 3 to 13 nm ol.m g1 
o f dry weight o f  cells. The coenzyme was notably present as the formyl derivative (70%). In contrast, 
total HS-CoM and HS-CoB levels tended to decrease in the course o f  the growth cycle, but became 
higher in the stationary phase. CoM-S-S-CoB was the predominant species accounting for 90 to 
95% o f  the total pool (1-4 nmol.mg1 o f dry weight).
3 .1  INTRODUCTION
Methanogenic archaea are obligatory anaerobic microorganisms that derive their energy for 
growth from the conversion of simple one-carbon compounds into methane. In the process of 
methanogenesis, a number of unique coenzymes are involved (Bobik et al., 1990). Three key 
cofactors are methanofuran, 2-mercaptoethanesulfonic acid (coenzyme M, HS-CoM) and 
coenzyme B (HS-CoB, 7-mercaptoheptanoylthreonine phosphate).
Methanofuran (MFR-NH2) is a coenzyme of the first step of methanogenesis from CO2 . In 
this step, CO2 is bound to the primary amine group of methanofuran and reduced to form 
formyl-methanofuran (MFR-NH-CHO) (reaction 1).
MFR-NH2 + CO2 + H2 ^  MFR-NH-CHO + H2O (AG0’= 16 kJ.m ol1) [1]
The endergonic reaction is catalyzed by the formyl-methanofuran dehydrogenase complex and is 
driven by the import of 2-3 sodium ions per reduced CO2 (Kaesler and Schönheit, 1989a,b; 
Thauer, 1998).
Coenzyme M is the one-carbon carrier in the final step of methanogenesis. In the step, 
the methyl group bound to HS-CoM is reduced to methane with HS-CoB as the reductant 
(reaction 2). Next to methane, the heterodisulfide (CoM-S-S-CoB) of HS-CoM and HS-CoB is 
formed as the product. The irreversible reaction is catalyzed by methyl-coenzyme M reductase 
(Thauer, 1998).
Methyl-S-CoM + HS-CoB ^  CH4 + CoM-S-S-CoB (AG0’= -45 kJ.m ol1) [2]
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CoM-S-S-CoB + H2 ^  HS-CoM + HS-CoB (AG0’ = -40 kJ.m ol1) [3]
The heterodisulfide is subsequently reduced by the H 2-dependent membrane-bound 
heterodisulfide reductase system (reaction 3). The released energy is utilized to build up a trans­
membrane proton gradient, which drives ATP synthesis (Thauer, 1998; Deppenmeier et al., 
1999).
As discussed, methanofuran, HS-CoM and HS-CoB derivatives play a central role in 
methanogenic metabolism. It is expected that the total cellular contents of the coenzymes vary 
with the growth conditions. In addition, relative amounts of the various derivatives may change 
with the environmental conditions, for instance hydrogen concentration. Unfortunately, no 
convenient methods have as yet been described for the routine analyses of the coenzymes. 
Coenzyme M analysis reported in literature (Noll, 1995) is based on a bioassay using a 
methanogenic strain that is auxotrophic for the compound. Albeit highly sensitive, the method 
suffers from the disadvantages that it is laborious and time-consuming, and that it apparently 
does not discriminate between the different coenzyme M species (HS-CoM, methyl-coenzyme M, 
CoM-S-S-CoB). Jones et al. (1985) described a biochemical assay to determine methanofuran 
contents in boiled cell extracts of methanogens. The tedious assay uses an ill-defined crude 
enzyme preparation and does not distinguish between formyl-methanofuran and methanofuran.
In this chapter new methods will be described for the routine analysis of the above­
mentioned coenzymes. Methanofuran levels were assessed after labeling with G-phtaldialdehyde 
and subsequent HPLC separation. G-Phtaldialdehyde reacts with primary amino groups, thereby 
forming a stable highly fluorescent compound (Lai, 1977). This type of derivatization has found 
broad application in amino acid, peptide and protein analyses (Benson and Hare, 1975; Hare, 
1977). Detection limits are in the picomole range. HS-CoM and HS-CoB were analyzed after 
derivatization with monobromobimane, followed by HPLC separation. Monobromobimane 
specifically reacts with SH-groups. The stabile, highly fluorescent thioethers formed can easily 
be detected at the pmole level (Kosower and Kosower, 1987; Fahey and Newton, 1987). CoM-
S-S-CoB and formyl-methanofuran levels in cell samples were determined after enzymic 
conversion of the compounds into HS-CoM and HS-CoB and methanofuran, respectively. The 
application of the methods was tested for cell cultures of Methanothermobacter 
thermoautotrophicus grown in a fed-batch fermentor.
3 .2  MATERIALS AND METHODS
3 .2 .1  Materials
HS-CoM and benzyl viologen were purchased from Sigma (St. Louis, Mo., USA), g - 
phtaldialdehyde, 2-mercaptoethanol and leucine were from Merck (Darmstadt, Germany), 2- 
thiouracil and methanesulfonic acid were from Fluka (Buchs, Switserland), monobromobimane 
reagens (thiolyte) was from Calbiochem (Darmstadt, Germany), 3 ,3 ’,4 ’,5-tetrachloro- 
salicylanilide (TCS) was from Eastman Kodak (Rochester, NY, USA), 2 ,2 ’'dinitrO'5,5’' 
dithiobenzoic acid (DNTB) from Aldrich Chemical Company (Milwaukee, WI, USA) and p- 
nitrophenol from BDH (Poole, UK). All other commercial chemicals were of the highest grade
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available. Gasses were supplied by Hoek-Loos (Schiedam, the Netherlands). To remove traces of 
oxygen, hydrogen-containing gasses were passed over a BASF RO-20 catalyst at room 
temperature; nitrogen-containing gasses were passed over a pre-reduced R3-11 catalyst at 
1500C. The catalysts were a gift of BASF Aktiengesellschaft (Ludwigshafen, Germany).
Methanofuran was purified from cells of M. thermoautotrophicus according to reported 
procedures (Keltjens et al., 1992). Formyl-methanofuran was prepared from methanofuran as 
described by the same authors. Concentration of stock solutions were calculated on the basis of 
the molar extinction coefficient at 273 nm (h273 = 1.34 mM-1.cm-1; Karrasch et al., 1989, 
Breitung and Thauer, 1990). HS-CoB and CoM-S-S-CoB were obtained by chemical synthesis 
(Kengen et al., 1990; Ellermann et al., 1988). HS-CoB concentrations were determined 
spectrophotometrically according to Ellman (1958). Samples were mixed with 0.48 mM 2 ,2 ’- 
dinitro-5,5’-dithiobenzoic acid in 150 mM Tris/Cl- buffer (pH 8.0) and measured immediately at 
412 nm. Quantification took place on the basis of a calibration curve made from a freshly 
prepared stock solution of HS-CoM. CoM-S-S-CoB stocks were quantified after enzymic 
reduction under hydrogen atmosphere as described below, followed by reaction with Ellman 
reagent.
3 .2 .2  Cell material
M. thermoautotrophicus (formerly Methanobacterium thermoautotrophicum strain AH; DSM 
1053) was grown in a 12-l fed batch fermentor containing 10 l mineral medium under H2/CO2 
(80%/20%, v/v; 1500 ml/min) as described before (this thesis, Chapter 2; de Poorter and 
Keltjens, 2001). Cellular dry weights (dw, g) were calculated from the measurements of the 
optical density of the culture at 600 nm (OD600) at which 1 liter of culture showing an OD600 of 1 
equaled 0.425 g dw of cells. Cell-free extracts of the organism were prepared according to 
reported procedures (te Brömmelstroet et al., 1990).
3 .2 .3  Extraction o f methanofuran derivatives
Cells (approximately 50 ml) were anoxically collected from the fermentor in serum bottles kept 
in ice-cold water. One part of the cells was incubated in a rotary incubator (200 rpm) for 1 hour 
at 650C under a N2 atmosphere (100%; 200 kPa) and in the presence of 25 zM p-nitrophenol; 
reactions were stopped by cooling on ice. Under these conditions, formyl-methanofuran was 
quantitatively oxidized into methanofuran. After exposure to air, which inactivated the formyl- 
methanofuran dehydrogenase, known volumes of both portions were centrifuged (10 min; 
27,000 x g; 40C). Pellets were washed 3 times in a 25 mM KH2PO4 buffer (pH 7.0) containing 
5 mM EDTA. Hereafter, cell pellets were resuspended in a small volume of washing buffer. The 
volume was chosen such that cell cultures showing an OD600 = 1 were concentrated about 50 ­
fold. Cells were broken by vigorously suspending the cell suspension in an equal volume of 
acetone. Cell debris was removed by centrifugation as described above and the supernatant, 
containing the cofactors, was collected and stored at -200C until further analysis.
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Fig. 1. HPLC analysis of methanofuran 
after fluorescent labeling with g- 
phtaldialdehyde. (A) Acetone extract of 
cells of M. thermoautotrophicus; (B) 
methanofuran standard (1 nmol); (C) G- 
phtaldialdehyde reagent. In (D) the peak 
areas of the labeled methanofuran 
(retention time, 12.5 min) are plotted 
versus the injected amounts of pure 
methanofuran. Sample preparation in the 
presence of leucine (2 nmol) and analysis 
took place as described in the Materials 
and Methods section. Phtaldialdehyde- 
treated formyl-methano-furan gave the 
same HPLC elution profile as (C).
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3.2.4 HPLC analysis of methanofUran
Acetone extract (200 zl) was mixed in a 1.5-ml eppendorf centrifuge tube with 0.1 M sodium 
borate buffer (pH 9.7) to a final volume of 0.8 ml. Leucine (2 zl, 1mM) was added as an 
internal standard. After the addition of 200 z l G-phtaldialdehyde (0.01 g in 10 ml 5% (v/v) 2- 
mercaptoethanol), the reaction mixture was incubated at room temperature for 2 min (Lai, 
1977). Immediately after incubation, 25 to 250 z l aliquots of the reaction mixture were injected 
on a Hewlett-Packard 1090 liquid chromatograph equipped with a HP 1046A programmable 
fluorescence detector and controlled by HP Chemstation software. Injection volumes depended 
on the expected peak areas. Separation took place at room temperature at a flow rate of 1.0 
ml/min on a LiChrospher 100 RP-18 column (Merck). As solvent systems, a 20 mM 
acetate/acetic acid buffer (pH 5.0; solvent A) and 80% methanol (solvent B) were used. The 
elution protocol employed linear gradients as follows: 0 min, 0% B; 1 min, 0% B; 4 min, 55% 
B; 18.67 min, 65% B; 20 min, 100% B; 22 min, 100% B; 24 min, 0% B. Prior to the next 
analysis, the column was equilibrated with solvent A for at least 3 min. The eluate was 
monitored with a diode array UV-visible light detector at 260 nm (bandwidth, 4 nm) and a 
fluorescence detector set at an excitation wavelength of 340 nm and an emission wavelength of 
455 nm (370 nm cut-off filter). Quantification of the relevant compounds was achieved by 
comparison of the peak areas against a calibration curve prepared from methanofuran 
standards.
3.2.5 Extraction of HS-CoM and HS-CoB derivatives
Cold, anoxically harvested cells (about 50 ml) were centrifuged and washed as described above. 
After concentrating the cells in washing buffer (about 200-fold at ODó00 = 1), cell suspensions 
were boiled for 30 min under H 2 atmosphere (120 kPa). After cooling, boiled cell free extract 
was centrifuged and the supernatant was collected and stored under 100% H 2 at -200C. In 
order to determine CoM-S-S-CoB, part of the supernatant was adjusted to pH 8 with anaerobic 
Tris/Cl- buffer (1M; pH 8.0), and incubated for half an hour under 100% H 2 (120 kPa) at 600C 
in the presence of cell extract (5 zl) and benzyl viologen (20 zM).
3.2.6 HPLC analysis of HS-CoM and HS-CoB
In a 1.5-ml eppendorf centrifuge tube, a 1-ml assay mixture was prepared containing 25 zl 
sample, 13 mM Tris-methanesulfonic acid (pH 8.0) and 5 mM monobromobimane (stock 
solution, 100 mM in acetonitril). 2-Thiouracil (final concentration, 0.1 mM) was added as an 
internal standard. After incubation for 15 min in the dark, 5 z l of a 500 mM methanesulfonic 
acid solution was added to stop the reaction (Fahey and Newton, 1987). From this mixture, 5 z l 
was added to 1 ml 10 mM methanesulfonic acid that was immediately injected on a Hewlett- 
Packard 1090 liquid chromatograph equipped as described above. An acetic acid buffer 
(0.25%, pH 3.5; solvent A) and 100% methanol (solvent B) were used as solvent systems 
(Fahey and Newton, 1987). The elution protocol with linear gradients was as follows: 3 min, 
15% B; 8 min, 23% B; 30 min, 51% B; 32 min, 100% B; 35 min, 100% B; 37 min, 0% B. 
Between runs, the column was equilibrated with solvent A for at least 2 min. The eluate was
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Fig. 2. HPLC analysis of HS-CoM and HS-CoB after labeling with monobromobimane. (A) Boiled 
cells of M. thermoautotrophicus; (B) HS-CoM (125 pmoles) and (C) HS-HTP (125 pmoles) 
standards; (D) thiolyte reagent. In (E) the peak areas of fluorescently labeled HS-CoM and HS-CoB 
are plotted against the injected amounts of the standards. Sample preparation in the presence of 
thiouracil (100 nmol) and analysis took place as described in the Materials and Methods section.
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monitored with a diode array UV-visible light detector at 260 nm (bandwidth, 4 nm) and a 
fluorescence detector set at 231 nm excitation and 460 nm emission. HS-CoM and HS-CoB 
present in the cell samples were quantified by comparing the areas of the eluted peaks against 
calibration curves prepared from standards.
3.3 RESULTS AND DISCUSSION
3.3.1 Methanofuran and formyl-methanofuran analysis
Cells from M. thermoautotrophicus were harvested and cofactor extracts were prepared, labeled 
with G-phtaldialdehyde and separated on HPLC. This resulted in complex HPLC 
chromatograms (Fig. 1A). Most phtaldialdehyde derivatives were eluted from the column within 
10 min. A strong, isolated peak was observed at approximately 12.5 min, which was identical in 
shape and retention time to the prominent peak obtained from purified methanofuran (Fig. 1B). 
The pertinent peak was neither observed in elution patterns of G-phtaldialdehyde, nor in 
samples prepared with formyl-methanofuran (Fig. 1C). Fluorescence intensities of the 13-min 
peak were linearly related to the injected amount of methanofuran (0-5 nmol) (Fig. 1D). 
Amounts as low as 10 pmol of methanofuran showed clearly detectable signals (>3x  
background noise). From multiple injections with 1 nmol methanofuran a 5% error was 
estimated.
To check for peak interference by other cellular components, 20 standard amino acids 
were tested. Only phenylalanine and tryptophane showed retention times around 13 min. 
However, intracellular concentrations of these amino acids were only very low with respect to 
methanofuran. Leucine was eluted at approximately 18 min (Figs. 1A-C) and was chosen as an 
internal standard. The phtaldialdehyde derivative of NH4+, a major constituent of the growth 
medium, was eluted at 14 min. Peak interference with methanofuran was avoided by extensive 
washing of the cells in KH2PO4 buffer prior to sample preparation.
65
Chapter 3
Q
O
15
10
TD
TO
E
ö
Ec
c03
OcCD
S I
O
E
T45
■30
-15
u 0
2
£ocCD
S I
O
E
Time (h)
Fig. 3 . Growth-dependent changes in the cellular contents of methanofuran derivatives from M. 
thermoautotrophicus. Growth was monitored by recording the OD500 (X). The cellular contents of free Q) 
and total (A) methanofuran were determined in triplicate as described in the text. In the curve 
represented by (O), relative contents (%) of free methanofuran given.
By the method outlined, formyl-methanofuran will not be detected. To analyze this 
derivative, collected cells were incubated under N2 atmosphere in the presence of the uncoupler 
p-nitrophenol (25 zM). By the action of formyl-methanofuran dehydrogenase present in the 
cells, formyl-methanofuran is oxidized to phtaldialdehyde-reactive methanofuran. In this way, 
the total methanofuran pool can be determined. After incubation of whole cells under 100% N2 
or under 100% H 2 and in the presence of p-nitrophenol or an alternative uncoupler (TCS, 25 
zM), identical methanofuran contents were obtained (data not shown). This indicates that 
formyl-methanofuran oxidation under uncoupled conditions is complete, even under 100% H 2, 
as is expected from the highly endergonic reaction (eqn. 1). In agreement herewith, purified 
formyl-methanofuran was quantitatively recovered as methanofuran after incubation with cell- 
free extract under 100% N2 and subsequent G-phtaldialdehyde derivatization and HPLC 
analysis (data not shown). By analyzing cell samples twice, viz. with and without incubation, total 
methanofuran and free methanofuran could be determined, respectively. Formyl-methanofuran 
was then calculated from the difference between both.
3.3.2 Analysis of HS-CoM, HS-CoB en CoM-S-S-CoB
Monobromobimane-labeled cofactor samples of M. thermoautotrophicus were separated on 
HPLC and detected by fluorescence spectroscopy. A typical chromatogram is shown in Fig. 2A. 
Besides a series of other peaks accounting for cellular thiol compounds and components present 
in thiolyte reagent, two particular signals were observed that were eluted at approximately 8.5 
min and 24 min, respectively. On the basis of the shape of the peaks and the retention times, 
and the comparison of those with pure standards, the compounds were identified as HS-CoM 
and HS-CoB, respectively (Figs. 2B and C). Fluorescence intensities of the HS-CoM and HS-CoB 
peaks were linearly related to the amounts (0-400 pmol) applied to the column (Fig. 2E). Data
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shown in Fig. 2 indicate that amounts as low as 10 to 25 pmoles can be detected. From multiple 
analyses (sample injection, 100 pmoles), an approximately 10% error was estimated. Runs 
performed with thiolyte reagent alone or with DNTB (Ellman reagent) treated cell extracts 
showed no interference with the HS-CoM and HS-CoB signals (Fig. 2D). Neither did thiosulfate, 
cysteine or sulfide interfere (data not shown). The latter compounds are constituents of the 
growth medium. Monobromobimane-labeled thiouracil, which was added as the internal 
standard in the analyses, was eluted at 17 min.
By routine, HS-CoM and HS-CoB derivatives were isolated by boiling concentrated cell 
samples under anaerobic conditions. Extraction with acetone, as was done for the isolation of 
methanofuran, was less suitable, since major part of the thiolyte-reactive species were found in 
the cell debris after centrifugation. Following heat treatment, sample preparation took place 
under air. In the presence of oxygen, however, thiols may oxidize to disulfide species, which are 
non-reactive with monobromobimane. When washing and centrifugation steps were performed 
under carefully controlled anaerobic conditions, the same results were obtained as after aerobic 
treatment, indicating that thiol oxidation could be neglected. Relevant monobromobimane 
derivatives from cell extract, HS-CoM and HS-CoB standards were stable at room temperature 
for at least 2 days. In contrast, the thiouracil standard showed an 8% degradation after one 
hour. Consequently, HPLC analysis was performed immediately after derivatization.
To determine CoM-S-S-CoB, the supernatant of boiled cells was incubated under 100% 
H 2 at 600C in the presence of a small amount of cell extract and 20 zM  benzyl viologen. Benzyl 
viologen greatly stimulates CoM-S-S-CoB reduction catalyzed by the heterodisulfide reductase 
present in the cell extract, while methyltransferase and methyl-coenzyme M reductase are 
inactive under the conditions (Kengen et al., 1990). Since the reaction [3] is highly exergonic, it 
is expected that CoM-S-S-CoB will be quantitatively recovered as HS-CoM and HS-CoB. To 
check this, known amounts of pure CoM-S-S-CoB were incubated as described and the course of 
the reaction was followed both spectrophotometrically with Ellman reagent and by HPLC 
analysis of monobromobimane-treated reaction mixtures. It was found that the reaction had gone 
to completion within 8-min incubation. Ellman assays and HPLC analyses gave identical results. 
Chemical reduction of the heterodisulfide with excess dithiothreitol as described by Fenton and 
Fahey (1986) was also tested. Incubation of CoM-S-S-CoB with 10 mM dithiothreitol at 550C for 
10 min and subsequent HPLC analysis showed the quantitative reduction as determined from 
the HS-CoM increase. HS-CoB formation, however, could not be determined in this way due to 
the interference with thiolyte peaks derived from dithiothreitol. Therefore, we favored the 
enzymic reduction method to measure CoM-S-S-CoB. HS-CoM, HS-CoB and CoM-S-S-CoB 
contents could be assessed by analyzing boiled cells twice. The former two compounds were 
quantified by direct analysis. CoM-S-S-CoB was calculated from the HS-CoM and HS-CoB 
increase after enzymic reduction.
3.3.3 Contents of methanofuran, HS-CoM and HS-CoB derivatives in M. 
thermoautotrophicus
M. thermoautotrophicus was cultured in a fed-batch fermentor under constant gassing with 80% 
H2/20% CO2 . Cells grew exponentially up to an OD600 of 1.62 (Fig. 3). As the result of 
increasing hydrogen consumption rates by the growing cell numbers, the dissolved hydrogen 
partial pressures (pH2) in the medium decreased and pH2 became less than 1% at the end of the
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Fig. 4. Growth-dependent changes in cellular contents of HS-CoM and HS-CoB derivatives from M. 
thermoautotrophicus. Cells were cultured in a fed-batch fermentor as described in the Materials and 
Methods section. Growth was followed by measuring the OD500 (I). HS-CoM (A) and HS-CoB (O) were 
analyzed in triplicate as specified in the text. Total amounts of HS-CoM, HS-CoB and CoM-S-S-CoB >) 
were determined after enzymic reduction of boiled cell-free extracts.
growth (data not shown). At regular time intervals, cells were anoxically collected from the 
fermentor and analyzed for the total, i.e. formyl-methanofuran plus methanofuran, and specific 
methanofuran contents (Fig. 3). In the course of the growth, the cellular content of total 
methanofuran increased approximately three-fold higher and became as high as 13 nmol.mg1 of 
dry weight during the stationary phase. A similar increase was measured with respect to 
methanofuran alone (1.2 to 3.8 nmol.mg1 of dry weight). Thus, methanofuran was 
predominantly present as the formylated species, which is remarkable considering the 
endothermic nature of the reaction [1] and the about 100-fold decrease in hydrogen 
concentration that must have taken place during the growth cycle.
HS-CoM, HS-CoB and CoM-S-S-CoB levels were measured in a separate growth 
experiment (Fig. 4). Unlike methanofuran, the contents initially decreased, but were increased at 
the end of the growth. CoM-S-S-CoB was the major derivative (1-4 nmol.mg1 of dry weight). HS- 
CoM and HS-CoB levels were only 5 to 10% with respect to the heterodisulfide, except for the 
stationary phase, where the free thiols constituted approximately 40% of the total pool. Again, 
the concentration ratios between CoM-S-S-CoB and HS-CoM + HS-CoB in actively metabolizing 
whole cells are remarkable, since reaction thermodynamics would have favored the complete 
reduction of the heterodisulfide, even at hydrogen partial pressures as low as 1%. As stated 
above, quantitative reduction is, indeed, achieved, when reactions are performed with cell-free 
systems.
M. thermoautrophicus was analyzed for the presence of HS-CoM, HS-CoB and 
methanofuran derivatives after growth in fed-batch and continuous systems under a variety of 
hydrogen-gassing conditions. In all cases, cellular contents agreed the data shown in Figs. 3 and
4. Moreover, a quite comparable HS-CoM content of 2 nmol per mg dry cells from M. 
thermoautrophicus has been measured before (Balch and Wolfe, 1979; Noll, 1995). This value 
was established by use of a bio-assay, which may not discriminate between the different HS-
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CoM derivatives. As yet, no data were available with respect to coenzyme B levels in 
methanogenic archaea. DiMarco et al. (1990) mentioned that 9 mg of HS-CoB could be purified 
from one kg of wet M. thermoautotrophicus cells, which would equal only about 40 pmol.mg1 of 
dry cells. Taking the many purification steps and severe losses as the result of disulfide 
formation with other thiol-containing cellular constituents into account, the number must be a 
gross underestimation of the actual levels. Previously, a total methanofuran content of 1.8 
nmol.mg1 of dry weight has been assessed for M. thermoautotrophicus (Jones et al., 1985), 
which is 1.4 to 7-fold lower than measured here. Jones et al. (1985) employed a biochemical 
assay. In the assay, (total) methanofuran contents in boiled cell-free extracts were evaluated from 
a (non-linear) stimulatory action on the methane-forming activity catalyzed by crude enzyme 
preparations. The use of the highly-oxygen sensitive, poorly defined enzyme preparations will 
negatively affect the convenience, reproducibility, accuracy and sensitivity of the biochemical 
assay. In these respects, we favor the method described here. Moreover, methanofuran and 
formyl-methanofuran can be analyzed separately by our method. Similarly, our method for the 
analysis of thiol-containing coenzymes will be a convenient and time-saving alternative to the 
current bio-assay. While equal, or even better, in sensitivity and accuracy, our procedure allows 
the simultaneous analysis of HS-CoM and HS-CoB derivatives on a routine basis. As already 
mentioned, the bio-assay does not distinct between the different coenzyme M species. For 
coenzyme B, no analytical methods were available as yet.
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Abbreviations: coenzyme F420 or F420, A^A^L-lactyl-Y-L-glutamyl^L-glutamic acid phosphodiester 
of 7,8'didemethyl'8'hydroxy'5'deazariboflavin 5’-phosphate; F420H 2, 1,5'dihydrO'F420 
Enzymes: coenzyme F420-reactive hydrogenase (EC 1.12.99.1); coenzyme F420-dependent 
0 5,0 1( 0-methylenetetrahydromethanopterin dehydrogenase (EC 1.5.99.9); coenzyme F420- 
dependent 0 5,0 10 -methylenetetrahydromethanopterin reductase (EC 1.5.99.-)
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ABSTRACT
Coenzyme F420 is the central low-redox-potential electron carrier in methanogenic metabolism. The 
coenzyme is reduced under hydrogen by the action o f F420-dependent hydrogenase. The standard 
free energy change at pH  7 o f F420 reduction was determined as -14.9 kj/mol. The value was 
constant between 25 and 650C. Experiments performed with methane-forming cell suspensions o f 
Methanothermobacter thermoautotrophicus incubated under various conditions demonstrated that 
the ratios between reduced and oxidized F 420 were in thermodynamic equilibrium with the gas 
phase hydrogen partial pressures. During growth in a fed-batch fermentor, ratios changed in 
response to the decrease in dissolved hydrogen, again indicating thermodynamic equilibrium 
between the oxidation state o f F 420 inside the cells and extracellular hydrogen. Interestingly, also 
methanol-metabolizing cells o f Methanosarcina barkeri maintained the ratios between reduced 
and oxidized coenzyme F420 in thermodynamic equilibrium with external hydrogen. No such 
relation was found for acetate-grown cells o f M. barkeri.
4.1 INTRODUCTION
Most methanogenic archaea derive their energy for growth from the hydrogen-dependent 
reduction of CO2 into methane. Energy gains are directly related to the in situ hydrogen 
concentration, which may vary by orders of magnitude in natural habitats and during growth 
under laboratory conditions. Hydrogen is oxidized by the action of, amongst others, coenzyme 
F420-reducing hydrogenase (reaction 1) (Fox et al., 1987; Michel et al., 1995; Thauer, 1998).
F420 + H2 I  F420H 2 [1]
Coenzyme F420, an 8'OH'5'deazaflavin derivative, is a central low-redox-potential electron 
carrier in methanogenic metabolism. The compound is present in high concentrations. At neutral 
and alkaline pH, the oxidized form displays an intense blue fluorescence when excitated at 420 
nm (DiMarco et al., 1990; Eirich et al., 1978; Eirich et al., 1979). Reduced coenzyme F420 
(F420H 2), which is non-fluorescent, is the substrate in two consecutive reactions in the 
methanogenic pathway, viz. the reduction of N5,N10-methenyl-tetrahydromethanopterin (H4MPT) 
and N5,N10 -methylene-H4MPT (Thauer, 1998). The reactions are catalyzed by F420-dependent 
methylene-H4MPT dehydrogenase and methylene-H4MPT reductase, respectively. The 
hydrogenase, dehydrogenase and reductase reactions are reversible (Thauer, 1998). The 
enzymes involved display high turnover numbers (kcat) and represent each as much as 0.5-1% of 
the total cellular proteins (Enßle et al., 1991; Fox et al., 1987; Klein and Thauer, 1995; Ma 
and Thauer, 1990; Michel et al., 1995; Schwörer and Thauer, 1991; te Brömmelstroet et al., 
1990; te Brömmelstroet et al., 1991a,b;). It is consequently expected that the catalytic 
capacities of the hydrogenase, dehydrogenase and reductase will substantially exceed the 
specific rate of methane formation. On the conditions, the concentration ratios between reduced 
and oxidized coenzyme F420 may be in thermodynamic equilibrium with the hydrogen partial 
pressure.
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Using the fluorescent properties of F420, ratios between reduced and oxidized species 
were measured in H 2-CO2 metabolizing cells of Methanothermobacter thermoautotrophicus and in 
methanol- and acetate-utilizing Methanosarcina barkeri. It was found that the ratios were in close 
thermodynamic equilibrium with the hydrogen concentrations applied (0-3%). For reasons 
discussed, this did not hold for acetate converting M. barkeri. The results of the study indicate 
that coenzyme F420 could be a useful probe to determine in situ hydrogen concentrations in 
methanogenic microbiota.
4.2 MATERIALS AND METHODS
4.2.1 Materials
Coenzyme F420 was purified from whole cells of M. thermoautotrophicus as described previously 
(te Brömmelstroet et al., 1991b); cell extracts of the organism were prepared by established 
procedures (te Brömmelstroet et al., 1991b). Gasses were supplied by Hoek-Loos (Schiedam, 
the Netherlands). To remove traces of oxygen, hydrogen-containing gasses were passed over a 
BASF RO-20 catalyst at room temperature, nitrogen-containing gasses over a pre-reduced BASF 
R3-11 catalyst at 1500C. The catalysts were a gift from BASF Aktiengesellschaft (Ludwigshafen, 
Germany). All other chemicals used were of the highest grade available.
4.2.2 Culturing methods
M. thermoautotrophicus (formerly: Methanobacterium thermoautotrophicum strain AH, DSM 
1053) was grown at 650C and pH 7.0 in a 3.5-L fermentor (MBR, Zürich, Switzerland) 
containing 2.5 liters of mineral medium (Schönheit et al., 1979) and gassed with H 2/CO2 
(80%/20%; v/v) at 1500 rpm. Mineral medium contained the following constituents (g.l-1): 
KH2PO4 (6.8), Na2CO3 (3.3), NH4Q  (2.1), trace elements stock solution (0.1 %; v/v) (Schönheit 
et al., 1979), sodium resazurin (0.1 mg.l1), and cysteine.HCl (0.6) and Na2S2O3 (0.5) as 
reducing agents. At regular time intervals, samples were anoxically collected for determination 
of optical cell densities (OD600), F420 measurements, determination of the intracellular pH, and 
for cell suspension incubations. Dissolved hydrogen partial pressures and medium pH were 
monitored on-line with an amperometric (Ag/Ag2O) H 2-probe (Schill et al., 1996) and a pH 
electrode (Ingold, Elscolab Ned. BY, Maarssenbroek, The Netherlands), respectively. Flow rates 
and methane contents of the outflow gas were measured with a soap film meter and by gas 
chromatography, respectively. This enabled the calculation of methane production rates. 
Hydrogen consumption rates then could be assessed taking into account that four moles of 
hydrogen are used per mole of methane formed. For the calculation of the specific activities, 
hydrogen consumption and methane production rates were corrected for the cellular dry weight 
content of the fermentor. Dry weights were derived from the OD600 values. Previous research 
established the linear relation between both parameters, at which 1 l of culture showing an 
OD600 = 1 contained 425 mg of dry cells (unpublished results).
Alternatively, M. thermoautotrophicus was cultured in 115-ml serum bottles containing 
50 ml of mineral medium supplemented with 0.6 g.l-1of Na2S.2H2O. Growth was performed at 
various temperatures (50-650C) and pH-values (6.0-7.5) to an OD600 of 0.2-0.3. Incubation took
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place in a rotary shaking waterbath operating at 150 rpm. After inoculation, cultures were 
pressured daily with 80% H2/20% CO2 (v/v; 200 kPa).
Methanosarcina barkeri strain Fusaro (DSM 804) was cultured in 50-ml amounts in 115­
ml serum bottles. Media were prepared as described previously (Hutten et al., 1981) and 
contained 10 g .l1 sodium acetate (122 mM) or 10 m l.l1 methanol (200 mM) as carbon and 
energy source. Cells were grown without shaking at 350C under a N2/CO2 (80%/20%, v/v; 120 
kPa) atmosphere to an OD600 of 0.1-0.2.
4.2.3 Reduction of coenzyme F420
Purified coenzyme F420 was enzymatically reduced using cell extract of M. 
thermoautotrotrophicus according to reported procedures (Yermeij et al., 1997). Reaction 
mixtures (3 ml) were incubated in 25-ml serum bottles under 0-80% H 2, 20% CO2, 
supplemented with N2 (80-0%). After reactions had come to equilibrium, oxic acetone was 
added and fluorescence spectra were immediately recorded as described below.
4.2 .4  Cell suspension incubations
Cells were collected from 3.5-l fed-batch cultures or were obtained from serum bottle cultures. 
Samples were divided inside an anaerobic glove box into 2-ml portions in 115-ml serum bottles. 
Cell suspensions with OD600 > 1  were diluted with anoxic mineral medium. After filling, bottles 
were closed with butyl rubber stoppers and aluminum-crimped seals, evacuated and pressured 
with mixtures of H 2/CO2 (80%/20%; v/v) and N2/CO2 (80%/20%; v/v) to obtain hydrogen partial 
pressures between 0 and 0.8 Bar. Hereafter, titanium citrate (1 mM) was added to remove 
traces of oxygen (Zehnder and Wuhrmann, 1976). One ml of ethane was added as an internal 
standard for methane measurements. Serum bottles were subsequently placed in a water bath 
without shaking at specified temperatures. At regular times, headspace samples were withdrawn 
to follow methane formation. As soon as methanogenesis had started, incubations were 
continued for half an hour at 150 rpm (M. thermoautotrophicus) or 100 rpm (M. barkeri) 
rotation. Reactions were stopped by rapidly cooling the serum bottles in ice-cold water and 
samples were immediately prepared for F420 fluorescence measurements.
4.2.5 Coenzyme F420 fluorescence measurements
In order to determine the relative contents of oxidized F420, known cell volumes from fermentor 
cultures were anaerobically collected in ice-cold anoxic acetone kept in serum bottles under 
N2/CO2 (80%/20%, v/v) that were closed with bromobutyl rubber stoppers. Before use, acetone 
was stored overnight in the anaerobic glove box to remove traces of oxygen. Samples (1 ml) from 
suspension incubation experiments were transferred by means of a gas-tight syringe to serum 
bottles containing 1 ml of ice-cold anoxic acetone. Immediately hereafter, cell-acetone mixtures 
were pipetted inside the glove box into cuvettes, which were closed with bromobutyl stoppers
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and analyzed by anaerobic fluorescence spectroscopy. This gave the fluorescence intensities of 
oxidized F420 present in the samples (Fox). To determine the fluorescence of total coenzyme F420 
(Ftot), cell samples were mixed after brief air exposure with oxic acetone and spectra were 
measured under aerobic conditions. To correct for background fluorescence (Fb), control series 
were incubated under 80% H2/20% CO2 at 650C, added to cold anoxic acetone and measured 
anaerobically.
Fluorescence emission was recorded at room temperature on an AMINCO SPF-500 
fluorimeter with excitation wavelength at 427 nm (band pass, 4 nm) and emission wavelength at 
471 nm (band pass, 2 nm). Alternatively, excitation spectra (340-470 nm) were recorded at 
471 nm emission wavelength. The concentration ratios between F420H 2 and F420 were calculated 
as (Ftot-Fox)/Fox. The experimental values (Ftot, Fox) were corrected for background fluorescence 
(Fb) measured for the fully (80% H 2) reduced cell samples. Acetone extracts were alkaline (pH 
9-10). Under these conditions, oxidized F420 is exclusively measured as the phenolate-quinoid 
anionic species (see below).
4.2 .6  Other analytical methods
Methane production was monitored by gas chromatographic analysis of headspace samples using 
ethane as an internal standard (Gijzen et al., 1991). The samples were analyzed on a HP 5890 
gas chromatograph equipped with a Poropack Q column and a flame ionization detector. 
Intracellular pH values were measured by a method described before, taking advantage of the 
pH-dependent fluorescence properties of oxidized coenzyme F420 (De Poorter and Keltjens, 
2001).
4.2 .7  Theory
Eqn [1] in the Introduction formally describes the reduction of coenzyme F420 into 1,5-dihydro- 
F420 (F 420H 2). The (Gibbs) free energy change 'G r  (kj.mol1) at specified reaction conditions 
(suffix r; temperature, pH) of the reaction is
'G r  = 'G r0 + RT ln qr [2]
in which R  is the gas constant (8.314 j.m o l1.— 1), T is the absolute temperature (K) and qr is the 
mass-action ratio:
= [F42oH2] [3]
[F420K 2
qr equals the slope in the experimental [F42öH2]/[F42ö] versus pH2 plots. It should be noted that
[F420] and [F420H2] represent total concentrations of the oxidized and reduced species, 
respectively. In the physiological pH range, the 5-deazaflavin chromophor of oxidized coenzyme 
F420 contains one ionizable group, viz. 8-OH (p—a1 6.18- 6.47, depending on the temperature) 
(Jacobson and Walsh, 1984; Purwantini et al., 1992). Deprotonation of 8-OH results in the
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Fig. 1. Hydrogen-dependent reduction of coenzyme F420. F420 (5 zM) was enzymatically reduced at the 
indicated hydrogen partial pressures (%) as described in the Materials and Methods section. Reactions 
were performed at 600C and pH 7.0. Excitation spectra were recorded at 471 nm emission. In the inset, 
concentration ratios between reduced (F420H2) and oxidized F420 are plotted against the hydrogen partial 
pressures (pH2).
phenolate anion, which tautomerizes into the conjugated paraquinoid anion (Scheme I). In 
reduced F420, NH(1) (p—a2 6.9) and the 8-hydroxyl group (p—a1’ 9.7) are of relevance. Thus, 
oxidized and reduced F420 are composed of a mixture of species that will effect the redox 
potential of the F420/F420H 2 couple in a pH-dependent fashion.
[F420]tot = [F420] (1 + —a1/[H+]) [4a]
[F420H2]tot = [F420H 2] (1 + —a2/[H+] + —a2.—a1’/[H + ]2) [4b]
In addition, the free energy changes of coenzyme F420 reduction with hydrogen will vary with the 
pH:
H 2 ± m H+ + F420 l  F420H 2 [5]
Defining 'G r0’ (kj.mol1) as the free energy change at pH 7 and at the temperature at which the 
reaction is followed and m as the net number of protons that are consumed or produced per 
reaction, the following relations will hold:
'G r = 'G r0’ ± mRT(ln10)(7-pH) [6]
'G r0’ = nFAErn,! [7]
In eqn. [6] the sign of the last term is negative in a proton-consuming reaction. In eqn [7] n is 
the number (2) of electrons involved, F  is the Faraday constant (96.49 kJ.Y^.mol1), and 'Em , 7 is 
the difference at pH 7 and the specified temperature between the midpoint potentials (Y) of the
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Ph2 (Bar)
Fig. 2 . Effect ofpH2 on the reduction state of coenzyme F420 in M. thermoautotrophicus. Cell suspensions 
were incubated under 20% CO2 and the indicated gas phase hydrogen partial pressures (Bar). Reactions 
took place at 600C and pH 7.0 as described in the Materials and Methods section. Suspensions were 
collected from fed-batch fermentor cultures at different growth phases. Symbols: ♦, early exponential 
phase (ODò00 = 0.2); □, exponential phase (ODò00 = 0.6); V , linear phase (ODò00= 1 .2 ); O, stationary 
phase (ODò00=1.8).
H+/H2 (Eo,h) and F420/F420H 2 (Eo,f) redox couples, respectively. Em,H can be calculated for each 
given temperature from the Nernst equation. Em,F is to be experimentally determined. Under 
thermodynamic equilibrium ('Gr=0), the mass-action ratio (qr) will equal the equilibrium 
constant Kr. It then follows from eqn. [2]:
'G r0 = -R7ln—r [8]
Generally, free energy changes of chemical reactions are temperature-dependent:
'G r0 = ' *  - TAS0 [9]
Thus,
ln —r = ( 'S 0/?) - ( 'H 0/RT) [10]
Enthalpy (*) and entropy (S) terms are evaluated from graphs in which the natural logarithm of 
experimental — r values are plotted against the reciprocal temperatures (K).
4.3 RESULTS
4.3.1 Hydrogen-dependent reduction of coenzyme F420
F420 was incubated in the presence of cell extract in a series of serum bottles under different 
hydrogen partial pressures (0-80%), and fluorescence excitation spectra were recorded after
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Fig. 3 . Effect of pH on the thermodynamics of F420 reduction in M. thermoautotrophicus. (A) Cell 
suspensions were incubated at 600C under 20% CO2 and the indicated gas phase hydrogen partial 
pressures (Bar) as described in the Materials and Methods section. Reactions took place at the following 
pH values of the medium: 6.3 (X), 6.5 (Q), 6.8 (□), 7.1 (V), or 7.2 (•). Data represent the mean and 
errors of triplicate experiments. (B) Plots of mass-action ratio terms R7lnq) (') derived from the slopes 
presented in (A), calculated 'G 0 (O) and resultant 'G  (V) values.
reactions had come to equilibrium (Fig. 1). F420 incubated under N2/CO2 atmosphere 
(80%/20%; v/v) showed maximal fluorescence emission at 427 nm excitation. Same 
fluorescence intensities were obtained if H 2-incubated reaction mixtures were exposed to air or 
collected in oxic acetone. Incubation at increased hydrogen concentrations resulted in the 
concomitant decrease of the excitation spectra, characteristic of F420 reduction. Under 80% H 2 
the spectrum was almost completely bleached. Concentration ratios between F420H 2 and F420 
determined as described under Materials and Methods were linearly related to the hydrogen 
partial pressures applied (Fig. 1, inset). From the slope of the plot and using eqn. [8], a 'G 0’ = 
-14.9 kj.m ol1 is calculated at the experimental conditions (pH 7.0, 600C). Remarkably, the 
same 'G 0’ = -14.9 k j.m ol1 was established under standard conditions (pH 7.0, 250C). The 
direct implication [eqns. 9 and 10] is that ' S 0 = 0 and that 'H 0 equals 'G 0 in the reaction.
Whole cells incubated under the same hydrogen concentrations revealed excitation and 
emission spectra that were indistinguishable from those obtained for purified F420 (data not 
shown). These findings demonstrated that other cellular components did not interfere F420 
fluorescence measurements. The fluorescence characteristics were subsequently used to 
determine the concentration ratios between reduced and oxidized F420 in metabolizing cells.
4.3.2 Coenzyme F420 reduction in methane forming cell suspensions from M. 
thermoautotrophicus
The effect of the hydrogen partial pressure on coenzyme F420 reduction was investigated with 
active cell suspensions of M. thermoautotrophicus obtained from fermentor and serum bottle 
cultures. When cell suspensions collected from different growth stages in the fed-batch
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Fig. 4. Effect of temperature on the thermodynamics of F420 reduction in M. thermoautotrophicus. (A) 
Cell suspensions were incubated at pH 7.0 under 20% CO and the indicated headspace hydrogen 
partial pressures (Bar) as described in the Materials and Methods section. Reactions took place at the 
following temperatures: 500C (Q), 550C (V) and 650C (•). Data represent the mean and errors of 
triplicate experiments. (B) Plots of mass-action ratio terms R7lnq) (') derived from the slopes presented 
in (A), calculated 'G 0 (•) and resultant 'G  (V) values. The mass-action ratio at 600C was obtained from 
data presented in Fig. 2.
fermentor were incubated at 600C and pH 7, a linear relationship was found between the 
[F420H2]/[F420] ratios and the hydrogen partial pressures applied (0-1%) (Fig. 2). Slopes of the 
graphs measured with cells from different growth stages were identical. The mass-action ratio 
was associated with a free energy change of R7lnqr= + 14.7 kj.mol1. Above data established a 
'G r0 =-14.9 k j.m ol1 at 600C and pH 7. This implies that the concentrations of reduced and 
oxidized coenzyme F420 within the cells were close to thermodynamic equilibrium with the 
external hydrogen partial pressures.
To investigate the effect of temperature and pH on the hydrogen-dependent reduction of 
coenzyme F420, M. thermoautotrophicus was cultured in serum bottles at a range of temperatures 
(50-650C) and pH values (6.0-7.5). Cells were subsequently incubated under various hydrogen 
partial pressures, using medium pH values and temperatures at which culturing had occurred. 
Again, [F 420 H2]/[F 420] ratios were linearly related to the pH2 values applied (Figs. 3a and 4a). 
Slopes were pH-dependent and an approximately ten-fold decrease in the mass-action ratio was 
observed when medium pH increased by one unit (Fig. 3 a). This indicates that coenzyme F420 
reduction at 600C proceeded according to eqn. [11]:
H 2 + H+ + F420- l  F420H 2 [11]
The plot of R7lnqr versus pH gave a straight line (Fig. 3b). The slope (-6.4 k j.m o l^pH 1) at the 
incubation temperature (600C) was in full agreement with the net uptake of one proton. Using 
eqn. [6] and the experimental 'G 0’ = -14.9 k j.m ol1, pH-dependent 'G 600 was calculated (Fig.
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Fig. 5. Effect ofp*2 on the reduction state of coenzyme F420 in M. barkeri. Methanol (X) and acetate (■) 
metabolizing cell suspensions were incubated under 20% CO2 and the indicated headspace hydrogen 
partial pressures (Bar). Reactions took place at 370C and pH 7.0 as described in the Materials and 
Methods section.
3b). This resulted in a 'G ó 0 = 0 k j.m ol1 for all pH values tested, indicative of thermodynamic 
equilibrium (Fig. 3b).
Mass action ratios varied with the incubation temperatures (50-650C), but R7lnqr terms 
remained constant and were the same as before (+14.9 k j.m ol1), again demonstrating 
thermodynamic equilibrium (Figs. 4a and b).
The above equilibrium conditions were met at relatively low pH2 values (0-2%). When
incubated under higher headspace hydrogen concentrations, [F420H2]/[F420] ratios were less than 
expected and large variations among repeated experiments were observed. At the higher pH2
values, cell suspensions produced methane with greatly enhanced rates and the consumption of 
dissolved hydrogen gas during the sampling time (5-15 s) may have led to the underestimation 
and variation of the [F420H2]/[F420] ratios.
4.3.3 Coenzyme F420 reduction in methanol- and acetate-metabolizing cell 
suspensions from M. barkeri
M. barkeri was grown in serum bottles on methanol (200 mM) or acetate (122 mM) as substrates 
to an OD600 of approximately 0.1-0.2. At this time, cultures still contained at least 150 mM 
methanol or 80 mM acetate. The cultures were divided over a series of 2-ml portions that were 
subsequently incubated under 0-80% hydrogen at 350C. The suspensions all formed methane, 
irrespective of the addition of hydrogen to the gas atmosphere. Determination of the 
[F420H2]/[F420] ratios revealed a linear relationship between the ratios and the hydrogen partial 
pressures applied in case of methanol-grown cells (Fig. 5). From the slope of the curve, a 
R7lnqr= + 14.9 k j.m ol1 could be calculated, which exactly equals to the above-determined
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values. From this, we conclude that methanol-metabolizing M. barkeri cells maintain their 
[F420H2]/[F 420] ratios in thermodynamic equilibrium with the pH2 in the environment. No such 
relation was found for acetate-grown cells. In fact, coenzyme F420 was only present in the 
oxidized state ([F 420 H2]/[F 420] = 0) (Fig. 5), even if incubations were performed under high 
hydrogen concentrations (up to 80%). One more notable difference was observed between 
methanol- and acetate-grown M. barkeri. Comparison between the fluorescence intensities of (air­
exposed) cells indicated that acetate-grown cells contained approximately 10-fold lower 
coenzyme F420 levels.
4.3 .4  Changes in the ratios between reduced and oxidized coenzyme F420 during 
growth of M. thermoautotrophicus in a fed-batch fermentor
M. thermoautotrophicus was cultured in a fed-batch fermentor at constant gassing with 80% 
H2/20% CO2 (Fig. 6). The dissolved hydrogen partial pressure in the culture medium was on­
line monitored using a hydrogen electrode. Growth was characterized by an exponential increase 
of cell density up to an OD600 of approximately 1.7 (specific growth rate z  = 0.24 h 1; doubling 
time td = 2.9 h). Hereafter, cell density increased linearly in time. During exponential growth, 
hydrogen consumption and methane production rates increased more than ten-fold, whereas the 
dissolved hydrogen partial pressure decreased by the same factor. Specific activities at which 
hydrogen was consumed, however, remained approximately constant (7.0-8.0 zmol.min-1.mg-1 of 
dry weight). At the entry of the linear phase, pH2 was 3%. This value remained constant in the
further course of the process, whilst hydrogen was used at a fixed rate (12.5 mmol.min1).
At regular time intervals, cells were anoxically collected from the fermentor and analyzed 
for the [F420H2]/[F420] ratios (Fig. 6). The ratios tended to decrease, but became somewhat 
higher during the linear growth phase. In addition, significant changes were measured in the 
intracellular pH (pHi). In the early exponential phase, pHi was as high as 8.5. Hereafter, pHi 
decreased to a constant value of 7.2-7.3 in the mid- and late-exponential and subsequent linear 
growth stages. From the recorded dissolved hydrogen partial pressures and the intracellular pH 
values, [F420H2]/[F420] ratios were calculated theoretically, assuming thermodynamic equilibrium 
(Fig. 6). This Figure shows that experimental and theoretic ratios were about equal during the 
early exponential stage, i.e. at relatively low cellular densities. Here, pH2 was as high as 70% and 
the specific activity of hydrogen consumption amounted to 7.0 zmol.min-1.mg-1 of dry weight. 
Equilibrium with the medium pH2 also applied to the linear growth stage, where hydrogen
consumption at high cellular densities took place with specific activities varying between 7 and 5 
Zmol.min-1.mg-1 of dry weight. During the intermediate exponential phase, however, 
experimental [F420H2]/[F420] ratios were 5 to 10-fold lower than the theoretical values. It is 
conceivable that during this stage intracellular hydrogen concentrations were kept at lower levels 
than in the medium. Yet, at least part of the difference, including the aberrant time points seen 
in Fig. 6, may be due to an underestimation of the [F420H2]/[F420] ratios as the result of the 
sampling procedure. Passage of the culture liquid through the sampling tube took about 5-10 s. 
Taking the increasing hydrogen-uptake rates of cells from the exponential phase into account,
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Fig. 6. Changes in the concentration ratios between reduced and oxidized coenzyme F420 during growth 
of M. thermoautotrophicus in a fed-batch fermentor. The organism was grown under 80% H>/20% CO2 at 
a constant gassing rate of 428 mL.min-1. Culturing took place at 650C and pH 7.0 as described in 
Materials and Methods. Measurements started (t = 0) 12 h after inoculation. Symbols: X, OD600; ■, 
dissolved hydrogen pressure (p h 2) in growth medium; ' ,  experimental concentration ratios between 
reduced and oxidized F420 (mean and error of triplicate fluorescence measurements); o---o, [FÌ20H2]/[F420] 
ratios assuming thermodynamic equilibrium.
major part of the poorly soluble hydrogen would have been utilized during the passage. Indeed, 
when sampled liquids from the phase were analyzed by gas chromatography for the dissolved 
hydrogen concentrations, 5 to 10-fold lower levels were obtained than measured in the 
fermentor (data not shown).
4.4 DISCUSSION
Hydrogen-metabolizing cells of M. thermoautotrophicus maintained the concentration ratios 
between reduced and oxidized coenzyme F420 in thermodynamic equilibrium with the hydrogen 
partial pressures in the medium, if below at least ca 3%. Since equilibrium was also observed at 
hydrogen partial pressures as high as 70% (see Fig. 6, early exponential phase), the relationship 
could be valid for all conditions. This, however, could not be substantiated due to the time delay 
in our sampling procedure. On-line in situ fluorescence measurements might clarify this issue.
In the temperature range tested (25-65°C), the standard free energy change at pH 7 
related with the hydrogen-dependent reduction of coenzyme F420 was constant ( 'G °’ = -14.9 
kj.mol-1). Since the midpoint potential of the H+/H2 varies with temperature, Em for the 
F420/F420H2 couple must have the same temperature dependency. On basis of the experimental 
'G 0,values, the H+/H2 midpoint potentials and eqn. [7], Em = -340 mV and -385 mV are then 
calculated for the F420/F420H 2 couple at 250C and 600C, respectively. The former value matches
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reported data (-340 to -350 mV) obtained at ambient temperature (jacobson and Walsh, 1984; 
Pol et a l, 1980).
Thermodynamic equilibrium was also found in methanol-utilizing M. barkeri cells. This is 
remarkable, since the conversion of methanol into methane and CO2 formally does not involve 
hydrogen [eqn. 12]. During methylotrophic growth, however, cells accumulate
4 CHsOH ^  3 CH4 + CO2 + 2 H2O [12]
small concentrations of hydrogen gas in the gas atmosphere (Lovley and Ferry, 1995). 
Methanol-grown cells contain high levels of F420-reducing hydrogenase (Michel et al., 1995), 
while F420 serves as the electron acceptor in two reactions of methyl group oxidation pathway, 
viz. 0 5-methyl-H4MPT and 0 5,0 10-methylene-H4MPT oxidation (Enßle et al., 1991; Schwörer 
and Thauer, 1991; te Brömmelstroet et al., 1991a; Thauer, 1998) . It is very well conceivable 
that a net production (or consumption) of hydrogen gas is required to balance electron flows in 
catabolic and anabolic reactions. Hereby, F420-hydrogenase might act as a redox valve. In 
contrast, acetate catabolism does not include F420-dependent reactions (Ferry, 1999; Thauer, 
1998). In acetate-grown cells, F420-reducing hydrogenases are repressed (Vaupel and Thauer, 
1998) and lower levels of coenzyme F420 are present (Heine-Dobbernack et al., 1998; this 
chapter). In agreement with these findings, we did not note an effect of the hydrogen partial 
pressures on the F420 oxidation state.
Hydrogen concentrations in natural systems and under laboratory conditions may vary 
dramatically. Obligately hydrogenotrophic methanogens, like M. thermoautotrophicus, which use 
the gas as energy source, have to cope with the changes. This is achieved by the differential 
expression of enzymes involved in the central metabolism (Morgan et al., 1997; Reeve et al., 
1997). Regulation requires the presence of adequate hydrogen-sensing systems. The results 
from this study demonstrate that F420 reduction is an indicator of the cellular hydrogen 
concentrations, which would make the coenzyme a suitable hydrogen sensor. Yet, the 
adenylylated derivative of F420, called factor F390, might serve this purpose for the cells equally 
well, since its synthesis is directly related to the ratios between reduced and oxidized F420 
Vermeij et al., 1994; Vermeij et al., 1997).
Our findings may have a practical application. It is very difficult, if not impossible, to 
measure in situ hydrogen levels, especially in densely packed methanogenic consortia. Taking 
advantage of its fluorescent properties, coenzyme F420 could be used as a probe to assess 
hydrogen concentrations in environmental samples.
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Bioenergetics of the formyl-methanofuran 
dehydrogenase and heterodisulfide reductase reactions 
in Methanothermobacter thermoautotrophicus
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Abbreviations used:
Coenzyme B, HS-CoB, 7-mercaptoheptanoylthreonine phosphate; Coenzyme M, HS-CoM, 2- 
mercaptoethanesulfonic acid; CoM-S-S-CoB, heterodisulfide of HS-CoM and HS-CoB; ' zh+ 
(given in mV), proton-motive force, transmembrane electrochemical potential of protons; ' znc+ 
(given in mV), sodium-motive force, transmembrane electrochemical potential of Na+; 
'p H  = pHin-pHout, transmembrane chemical gradient of H+; 'p N a  = pNa+in-pNa+out, 
transmembrane chemical gradient of Na+; '\  (given in mV), membrane potential, 
transmembrane electrochemical electrical gradient; DiBAC4(3), bis-(1,3-dibutylbarbituric 
acid)trimethine oxonol; DW, dry weight; methanofuran, MFR, 4-[N-(4,5,7,-tricarboxy-heptanoyl- 
y-L-glutamyl-y-L-glutamyl-)-p-(ß-aminoethyl)phenoxy-methyl]-2-(aminomethyl)furan; formyl- 
methanofuran, N-formyl derivative of methanofuran; monobromobimane, thiolyte, 3,7-dimethyl-
4-bromomethyl-6-methyl-1,5-diazabicyclo-[3.3.0]-octa-3,6-diene-2,8-dione; ODó00, optical 
density at 600 nm; pH2, dissolved hydrogen partial pressure; pCo2, dissolved CO2 partial 
pressure; qCH4, specific rate of methane formation (mol.h-1.g-1 of DW); TCS, 3,3’,4’,5- 
tetrachlorosalicylanilide; Ych4, specific growth yield (g DW.mol-1 of methane); Ych4 max, 
theoretical maximal growth yield.
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ABSTRACT
The synthesis o f formyl-methanofuran and the reduction o f the heterodisulfide (CoM-S-S-CoB) o f 
coenzyme M  (HS-CoM) and coenzyme B (HS-CoB) are two crucial, H 2-dependent reactions in the 
energy metabolism o f methanogenic archaea. The bioenergetics o f the reactions were studied with 
chemostat cultures and in cell suspension incubation experiments performed with 
Methanothermobacter thermoautotrophicus operating under defined medium dissolved hydrogen 
partial pressures (p*2). Formyl-methanofuran synthesis is an endergonic reaction (AG0 = +16 
kj.mol'1). By analyzing the concentration ratios between formyl-methanofuran and methanofuran 
in the cells, free energy changes under experimental conditions (AG) were found to range between 
+ 10 and +35 k j.m ol1 depending on the p*2 applied. The comparison with the sodium-motive
force indicated that the reaction should be driven by the import o f a variable number o f two to four 
sodium ions.
Heterodisulfide reduction (AG0 =-40 kj.m ol1) was associated with free energy changes as 
high as -55 to -80 kj.m ol1. The values were determined by analyzing the concentrations o f CoM- 
S-S-CoB, HS-CoM and HS-CoB in methane-forming cells operating under a variety o f hydrogen 
partial pressures. Free energy changes were in equilibrium with the proton-motive force to the extent 
that three to four protons could be translocated out o f the cells per reaction. Remarkably, an 
apparent proton translocation stoichiometry o f 3 held for cells that had been grown at p h2<0.12
Bar, whilst the number was 4 for cells grown above that concentration. The shift occurred within a 
narrow pH2 span around 0.12 Bar. The findings suggest that the methanogens regulate the 
bioenergetic machinery involved in CoM-S-S-CoB reduction and proton pumping in response to the 
environmental hydrogen concentrations.
5.1 INTRODUCTION
Methanothermobacter thermoautotrophicus is a methanogenic Archaeon that derives the energy 
for autotrophic growth from the reduction of CO2 with molecular hydrogen as the electron donor. 
The process of methanogenesis takes place in a series of consecutive reduction reactions at 
which the one-carbon unit derived from CO2 is bound to C1 carriers of unique nature (see for 
recent reviews: Ferry, 1999; Thauer, 1998). From a bioenergetic point of view, three reactions 
are of critical importance, notably the formation of formyl-methanofuran, the 0 5-methyl- 
tetrahydromethanopterin:coenzyme M methyl transfer step and the H 2-dependent reduction of 
CoM-S-S-CoB (Deppenmeier et al., 1996, 1999; Schäfer et al., 1999; Thauer, 1998).
Formyl-methanofuran (MFR-NH-CHO) synthesis represents the first step in 
methanogenesis. In this step, CO2 is bound to methanofuran (MFR-NH3+) and subsequently 
reduced to the formyl state with electrons derived from hydrogen (reaction 1).
MFR-NH3+ + CO2 + H 2 o  MFR-NH-CHO + H+ + H 2O ( 'G 10 = + 16 kj.mol-1) [1]
The reaction is endergonic under thermodynamic standard conditions (Keltjens and van der 
Drift, 1986; Thauer, 1998). Studies with cell suspensions of Methanosarcina barkeri and
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Methanothermobacter marburgensis indicated that reaction [1] is driven by a sodium-motive force 
('Zn+) (Kaesler and Schönheit, 1989a,b). The free energy change related with sodium import 
depends on the number (m) of sodium ions that are translocated per reaction:
'G 2 = mF'zNa+ (kj.mol-1) [2]
in which F  is the Faraday constant (96.49 kj.V-1.mol-1). Kaesler and Schönheit (1989a) 
estimated a Na+ translocation stoichiometry of 2-3 Na+/C02 for M. barkeri. In case of M. 
marburgensis, the number could be somewhat higher (3-4 Na+/C02).
Following the transfer of the formyl group to 5,6,7,8-tetrahydromethanopterin (H4MPT), 
a dehydration step and two subsequent reduction reactions, 0 5-methyl-H4MPT is produced. 
Next, the methyl group is transferred to coenzyme M (HS-CoM) to yield methyl-coenzyme M 
(CH3-S-CoM) (reaction 3).
0 5-methyl-H4MPT + HS-CoM o  H 4MPT + CHs-S-CoM ('Gs0=-30 kj.mol-1) [3]
This exergonic reaction is catalyzed by the membrane-associated methyltransferase enzyme 
complex (MtrEDCBAFGH) (see for a recent review: Gottschalk and Thauer, 2001). The energy 
is conserved by pumping Na+ ions out of the cell, thus creating a sodium-motive force. From 
experiments performed with everted membrane vesicle preparations of Methanosarcina mazei, a 
Na+ translocation stoichiometry of close to two (1.7) was calculated (Lienard et al., 1996).
In the terminal reaction, methane is formed by methyl-coenzyme M reduction with 
coenzyme B (HS-CoB) as the electron donor (Thauer, 1998). The heterodisulfide of HS-CoM 
and HS-CoB (CoM-S-S-CoB) is formed as the oxidized product. The exergonic reaction 
( 'G 0 =-45 kj.mol-1) is catalyzed by the soluble methylcoenzyme M reductase (MCR). In fact, M. 
thermoautotrophicus synthesizes two different methyl reductases, MCR I and MCR II, which are 
encoded by the mcrBDCGA and mrtBDGA operons, respectively. HS-CoM and HS-CoB are 
recovered by the hydrogen-dependent reduction of CoM-S-S-CoB (reaction 4).
CoM-S-S-CoB + H 2 o  HS-CoM + HS-CoB ('G40 =-40 kj.mol-1) [4]
The energy released in the reaction is conserved by the export of protons and the concomitant 
generation of an electrochemical proton gradient ('z*+). It then holds that
'G 5 = nF'z*+  (kj.mol-1) [5]
where 'G 5 is the free energy change per reaction to pump n H+ across the cell membrane. The 
heterodisulfide reductase reaction has been studied in quite some detail in M. mazei (see for 
reviews: Deppenmeier et al., 1996, 1999; Schäfer et al., 1999). Studies with everted 
membrane vesicle preparations of the organism initially showed a proton translocation 
stoichiometry of 2 H+/CoM-S-S-CoB reduced (Deppenmeier et al., 1991). Recently, a novel 
lipophilic low-molecular-weigth-electron carrier was identified, called methanophenazine, which 
intermediates between hydrogen oxidation and CoM-S-S-CoB reduction. By the action of 
methanophenazine, a total number of four protons can be translocated per reaction across the 
cell membrane [4] (Ide et al., 1999). M. thermoautotrophicus neither contains methano­
phenazine, nor the cytochrome b-type proteins that are typical for the Methanosarcina electron-
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transport chain. In an in vitro system from M. marburgensis, reaction [4] is catalyzed by an 
enzyme complex composed of methyl viologen-reducing hydrogenase (mvhDGAB) and the 
heterodisulfide reductase (hdrACB) (Setzke et al., 1994). The mechanism by which H+ is 
transported and the proton translocation stoichiometry have as yet not been established in 
Methanothermobacter.
Methanogenic archaea use both proton- and sodium-motive forces in their energy 
metabolism. H+ and Na+ fluxes are linked by the action of a Na+-H+ antiporter (Müller and 
Gottschalk, 1994). H+ and Na+ movements have to result in the net efflux of protons, which 
drives ATP synthesis by the H+-translocating A 1A0 ATPase complex.
The Gibbs free energy changes associated with the formyl-methanofuran dehydrogenase 
[1] and heterodisulfide reductase [4] reactions apply to thermodynamic standard conditions. 
Actual free energy changes ( 'G  ) depend on the cellular concentrations of the reactants, 
including the dissolved hydrogen partial pressure (pH2). In natural systems and during growth in 
the laboratory, hydrogen concentrations may vary by orders of magnitude. It is known that the 
methanogens adapt to these changes by the differential expression of enzymes involved in 
methane formation (Bonacker et al., 1992, 1993; Morgan et al., 1997; Nölling et al., 1995; 
Pennings et al., 2000; Pihl et al., 1994). In addition, in situ hydrogen levels effect the coupling 
between methanogenesis and growth (Morgan et al., 1997; Pennings et al., 2000; Schönheit et 
al., 1980; this thesis, Chapters 6 and 7). As indicated, pH2 will be the critical factor in energy
changes related with the formyl-methanofuran dehydrogenase and heterodisulfide reductase 
reactions. Moreover, hydrogen changes might control the maintenance of 'z*+ and 'zn+ , 
forcing the methanogens to adapt proton and sodium translocation stoichiometries. These 
bioenergetic aspects will be addressed upon in the present study using cells that were grown in a 
chemostat at defined pH2 values.
5.2 MATERIALS AND METHODS
5.2.1 Materials
Methanofuran was purified from M. thermoautotrophicus and converted into formyl­
methanofuran as described before (Breitung et al., 1990; Keltjens et al., 1992). HS-CoB and 
CoM-S-S-CoB were prepared by chemical synthesis (Ellermann et al., 1988; Kengen et al., 
1990). Cell extracts were prepared from cells of M. thermoautotrophicus according to 
established procedures (te Brömmelstroet et al., 1990). HS-CoM and benzyl viologen were 
purchased from Sigma (St. Louis, Mo., USA), bis-(1,3-dibutylbarbituric acid)trimethine oxonol 
(DiBAC4(3)) was from Molecular Probes (Eugene, OR, USA), G-phtaldialdehyde was from Merck 
(Darmstadt, Germany), monobromobimane (thiolyte) was from Calbiochem (Darmstadt, 
Germany), 3,3’,4’,5-tetrachlorosalicylanilide (TCS) was from Eastman Kodak (Rochester, NY, 
USA), and p-nitrophenol was from BDH (Poole, UK). All other chemicals were of the highest 
grade available. Gasses were supplied by Hoek-Loos (Schiedam, the Netherlands). To remove 
traces of oxygen, hydrogen-containing gasses were passed over a BASF R0-20 catalyst at room 
temperature; nitrogen-containing gasses were passed over a pre-reduced R3-11 catalyst at 
1500C. The catalysts were a gift of BASF Aktiengesellschaft (Ludwigshafen, Germany).
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5.2.2 Chemostat culturing of Methanothermobacter thermoautotrophicus
M. thermoautotrophicus (formerly: Methanobacterium thermoautotrophicum strain 'H ;  DSM 
1053) was grown in a 3.0-l fermentor (MBR) operated as a chemostat with a culturing volume of
1.1 l. The fermentor was equipped with probes for the on-line measurement of pH (Ingold, 
Maarssenbroek, The Netherlands), pH2 (see below) and temperature. The medium contained the
following constituents (g.l-1): KH2PO4 (6.8), NaHC03 (9.0), NH4Q  (2.1), trace elements stock 
solution (0.1%; v/v) (Schönheit et al., 1979), sodium resazurin (0.1 mg.l-1), and cysteine.HCl 
(0.6) and Na2S203 (0.5) as reducing agents. Growth was performed at 650C and pH 7.0. 
Cultures were gassed with 80% H2/20% CO2 (v/v) at a stirring speed of 1500 rpm. Gassing rates 
were varied between 100 and 400 ml.min-1, and dilution rates between 0.06 and 0.3 h-1 were 
applied to obtain a number of steady states as summarized in Table 1. A steady state was 
defined as the condition at which the optical density at 600 nm (OD600) of the culture, the 
dissolved hydrogen partial pressure and the rate of methane formation had become constant at a 
given gassing and dilution rate. Following three to four culture-volume changes after the 
establishment of a particular steady state, a series of cell samples was rapidly (< 1 0  s) 
withdrawn into evacuated serum bottles kept in ice-cold water. Cells were subsequently analyzed 
for the various bioenergetic parameters (intracellular pH and sodium concentration, membrane 
potential), dry weight content, and for the contents of methanofuran, HS-CoM and HS-CoB 
derivatives. Other portions were used for cell suspension incubations.
5.2.3 Chemostat analyses
Dissolved hydrogen partial pressures were recorded with an amperometric Ag20/Ag probe 
(Schill et al., 1996; this thesis Chapter 6) prepared from a Clark-type oxygen electrode (Broadly 
Technologies Corp., Irvine, CAL, USA). Fermentor inflow and outflow gas rates were measured 
with a soap film meter. To determine the methane content of the outflow gas, a 1-ml gas sample 
was added to 1 ml of ethane kept in a closed serum bottle. Hereafter, 0.1 ml-amounts of the gas 
mixture were analyzed on a HP 5890 gas chromatograph equipped with a Poropack Q column 
and a flame ionization detector. Methane production rates (mol.h-1) were calculated from the 
outflow gas rates and the specific methane contents. For dry weight (DW) determination, a 
known volume (25-50 ml) of cell culture was centrifuged (27,000 x g ; 2 min; ambient 
temperature), washed and dried at 600C to constant weight. Specific rates of methane formation 
(sch4, mol.h-1.g-1 of DW) were determined from the methane production rates and cellular dry
weights. Specific growth yields (Fch4), expressed as g of DW per mole of methane produced,
followed from the general relation Ych4 = z /?ch4 at which z  represents the specific growth rate
(h-1). In the chemostat operating under steady state, z  is equal to the dilution rate.
5.2.4 Cell suspension incubations
Inside an anaerobic glove box, anoxic cell samples from the chemostat were diluted with fresh 
growth medium to obtain an OD600 of 0.6-0.8. Titanium citrate (1 mM) was added to remove
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oxygen traces (Zehnder and Wuhrmann, 1976). Cell suspensions were divided into 10-ml 
portions in 115-ml serum bottles. The bottles were closed with black butyl rubber stoppers and 
aluminum crimped seals, and pressured to 150 kPa with H 2/CO2 (80%/20%; v/v) and N2/CO2 
(80%/20%; v/v) gas mixtures to obtain hydrogen partial pressures between 0.001 and 0.8 Bar. 
Following the addition of 1 ml of ethane, which served as the internal standard for methane 
measurements, serum bottles were placed in a water bath at 650C (De Poorter and Keltjens, 
2001; this thesis, Chapter 2). At regular time intervals, gas samples were taken to follow 
methane formation. As soon as methanogenesis had started, the bottles were transferred to a 
rotary shaking water bath (650C, 200 rpm) and incubations were continued for one hour. 
Hereafter, reactions were stopped by rapidly cooling the serum bottles in iced water. Cells were 
subsequently subjected to a number of analyses outlined hereafter.
5.2.5 Determination of intracellular pH, Na+ concentrations and membrane potential
Intracellular pH was measured taking advantage of the pH-dependent fluorescence 
characteristics of coenzyme F420, and the transmembrane electrochemical gradient (‘membrane 
potential’, '\ , mV) was measured with the probe DiBAC4(3) (De Poorter and Keltjens, 2001; 
this thesis, Chapter 2).
To determine the intracellular ([Na+i]) and extracellular ([Na+o]) sodium ion 
concentrations, 10 ml of cells from chemostat cultures or suspension incubations were 
centrifuged (10 min; 27,000 x g; 40C) immediately after sampling. Supernatants were diluted 
500-fold in washing buffer and kept for determination of [Na+o]. Washing buffer contained 50 
mM Tris.HCl buffer (pH 7.0) and 200 mM sucrose. Pellets were washed three times in cold 
washing buffer with intermediate centrifugation. Supernatants and pellets were stored at -20°C. 
Before use, pellets were suspended in 0.5 ml 6 M HCl and suspensions were placed in a boiling 
water bath for 1 hour to destroy the cells. After cooling and centrifugation, the supernatants 
were diluted in washing buffer to obtain preparations that were proper for analysis ([Na+]<500 
zM; [HCl]<1M). Na+ concentrations were measured by means of flame atomic absorption 
spectrometry. For calculation of the intracellular ion concentrations, a cell volume of 1.8 zl.mg-1 
dry weight was assumed (Schönheit and Perski, 1983).
5.2.6 Analysis of methanofuran and formyl-methanofuran
The procedure for the quantification of methanofuran derivatives has been described in detail 
elsewhere (this thesis, Chapter 3). Briefly, cell samples were anaerobically divided into two 
parts. One portion was kept cold, while the other part was incubated for 1 hour at 650C under a 
H 2 atmosphere (100%; 200 kPa; 200 rpm). Alternatively, incubation took place under 100% 
N2 and in the presence of uncoupler (25 zM  p-nitrophenol or 25 zM  TCS). In either procedure, 
formyl-methanofuran was quantitatively converted into methanofuran. In this way, the total 
methanofuran content could be determined. The following steps took place under air. Known 
volumes of incubated and untreated cell samples were centrifuged (10 min; 27,000 x g; 40C) 
and pellets were washed 3 times in 25 mM KH2PO4 buffer (pH 7.0) containing 5 mM EDTA. 
Hereafter, cell pellets were taken up in a small volume of washing buffer, such that cells were 
concentrated about 50 fold (at ODó00 = 1). For methanofuran extraction, cell suspensions were
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vigorously suspended in an equal volume of acetone and centrifuged as above. The supernatant, 
containing the coenzyme, was stored at -200C.
Next, methanofuran was fluorescently labeled with G-phtaldialdehyde (0.01 g in 10 ml 5 
% v/v 2-mercaptoethanol) according to established procedures (Lai, 1977), except that a 0.1 M 
borate buffer (pH 9.7) was used. Leucine (20 zM) was added as an internal standard. After a 2- 
min incubation at room temperature, the reaction mixture was separated on a Hewlett-Packard 
1090 liquid chromatograph equipped with a HP 1046A programmable fluorescence detector 
and controlled by HP Chemstation software. Separation took place at 250C at a flow rate of 1.0 
ml/min on a LiChrospher100 RP-18 column (Merck, Darmstadt, Germany) using 20 mM 
acetate/acetic acid buffer (pH 5.0) and 80% methanol as solvent systems. The eluate was 
monitored with a diode array UV-visible light detector at 260 nm and a fluorescence detector set 
at an excitation wavelength of 340 nm and emission wavelength of 455 nm (cut-off filter, 370 
nm). Labeled methanofuran, showing a characteristic retention time of 12.5 min, was quantified 
by the comparison of the fluorescence peak area with a calibration curve prepared from 
methanofuran standards. By this method, amounts as low as 10 pmoles could be readily 
detected; errors were less than 10%. Formyl-methanofuran was quantified from the difference 
between the methanofuran contents in incubated and non-incubated cells.
5.2.7 Analysis of HS-CoM, HS-CoB and CoM-S-S-CoB
Analysis used the procedure established before (this thesis, Chapter 3). The method is 
summarized as follows. Cold, anoxically harvested cells were centrifuged and washed as 
described for methanofuran quantification. Cell pellets obtained were taken up in washing buffer 
such that samples showing an ODó00 = 1 were concentrated about 200 fold. Hereafter, 
suspensions were boiled for 30 min under H 2 atmosphere (100%, 120 kPa). Cell debris were 
removed by centrifugation and supernatants were stored under 100% H 2 at -200C. For CoM-S- 
S-CoB determination, part of the supernatant was adjusted to pH 8.0 with Tris buffer (1M; pH 
8), and incubated under 100% H 2 (120 kPa) at 600C for 30 min in the presence of cell extract 
(5 zl) and benzyl viologen (20 zM). Under these conditions, CoM-S-S-CoB was quantitatively 
reduced to HS-CoM and HS-CoB. Benzyl viologen was included, since it highly stimulates 
heterodisulfide reduction catalyzed by the cell free extract, while the methyl transferase and 
methylcoenzyme M reduction reactions are completely inhibited (Kengen et al., 1990).
Subsequently, HS-CoM and HS-CoB present in the boiled cell extracts were fluorescently 
labeled with monobromobimane reagent (Fahey and Newton, 1987). For this, a 1-ml assay 
mixture was prepared containing 25 z l boiled cell extract, 13 mM Tris-methanesulfonic acid 
(pH 8.0) and 5 mM monobromobimane (stock solution, 100 mM in acetonitril). 2-Thiouracil 
(0.1 mM) was added as an internal standard. After a 15-min incubation in the dark, 5 z l of a 
500 mM methane sulfonic acid solution was added to stop the derivatization (Fahey and 
Newton, 1987). Immediately hereafter, reaction mixtures were separated on a Hewlett-Packard 
1090 liquid chromatograph as described above, using acetic acid buffer (0.25%, pH 3.5) and 
100% methanol as solvent systems. The eluate was monitored by simultaneously recording the 
absorbance at 260 nm and the fluorescence intensity at 231 nm excitation and 460 nm 
emission wavelength. Labeled HS-CoM and HS-CoB, that were eluted from the column at 8.5 
and 24 min, respectively, were quantified by comparing the fluorescence peak areas with 
calibration curves made from HS-CoM and HS-CoB standards. Detection limits of both
96
Bioenergetics of the formyl-methanofuran dehydrogenase and heterodisulfide reductase reactions
compounds were approximately 10 pmoles and errors in the analyses were less than 10%. CoM- 
S-S-CoB was determined from the difference between the HS-CoM and HS-CoB contents in 
reduced versus non-reduced boiled cell extracts.
5.2.8 Data analysis
The formyl-methanofuran dehydrogenase reaction [1] is associated with a 'G 1 0 = +16 kj.mol-1 
(Keltjens and van der Drift, 1986; Thauer, 1998). Using artificial electron acceptors, Bertram 
and Thauer (1994) measured a midpoint potential (Eo ) for the C02 + methanofuran/formyl- 
methanofuran couple of approximately -530 mV at 600C and pH 7.0. From this value, a 
somewhat lower 'G 10=+13.0 kj.mol-1 is derived at 600C, which was used in our calculations. 
In reaction [1] one proton is formed. Considering that the reaction takes place in the cytoplasma, 
'G 10 varies with the intracellular pH (pHi):
'G 10 = 13.0 - 2.30346 (pHi-7) (kj/mol) [6]
where 4  is the gas constant (8.314.10-3 kJ.mol-1.K-1) and 6  is the absolute temperature (K). 
Under experimental conditions, the free energy change ( 'G 1 ) depends on the concentrations of 
the reactants according to the Nernst equation:
'G 1 ’ = 'G 10 + 4 6  ln--[f ~ MFR]--  (kj/mol) [7]
p*2 • ^ [ M F R ]
Similarly, the Gibbs free energy change of the heterodisulfide reaction [4], for which 'G 40 =-40 
kj.mol-1 is estimated (Thauer, 1998), is related with the reactant concentrations according to:
' G  ■ = ' G /  + 4 6  ln *  ~ %oMHHS~ ^  (kj/mol) [8]
p*2[CoM ~ S ~ S ~ CoB]
In our experiments, we measured cellular methanofuran (MFR) and formyl-methanofuran (f- 
MFR), as well as HS-CoM, HS-CoB and CoM-S-S-CoB concentrations under a variety of 
experimental conditions. In the calculations, a dissolved partial CO2 pressure pco2 = 0.2 was 
taken for equation [7]. In addition, it was assumed that hydrogen oxidation takes place within 
the cells and that the intracellular pH2 equals the dissolved hydrogen partial pressure of the
medium. Our previous study (this thesis, Chapter 4) showed the latter assumption to be correct. 
Data were also evaluated assuming hydrogen oxidation to proceed at the outer space of the cell 
membrane. This gave, however, highly inconsistent results.
Methanogens utilize both transmembrane electrochemical potentials of protons (‘proton­
motive force’, 'z*+ , expressed in mV) and of sodium ions (‘sodium motive-force’, ' znc+, in mV) 
in their energy metabolism (see introduction). According to the Mitchell hypothesis, the proton­
motive force is composed of the membrane potential ('\ , mV) and the chemical gradient of H+
('pH):
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Table 1. Physiological and bioenergetic properties of M. thermoautotrophicus growing in a chemostat. M. thermoautotrophicus was 
cultured at the indicated dilution and 80% H2/20% CO2 (v/v) gassing rates. At steady state, dissolved hydrogen partial pressures in the 
medium (pn2), optical densities (O D óoo), specific rates of methanogenesis (</ch4) and specific growth yields ( Ken,) of the cultures, as well as 
membrane potentials (A\|/), intracellular pH (pHi), proton-motive (A/Z11+) and sodium-motive (A/x\r, + ) forces of the cells were measured as 
described in the Text. N.D., not determined.
Growth conditions Growth properties Bioenergetic parmeters
Dilution rate 
(h1)
Gassing rate 
(ml.min"1)
PH 2 
(Bar)
ODóOO <?ch4
(mol.g^.h1)
Y ch4
(g.mol1)
A\|/ 
(mV)
pHi A/XH + 
(mV)
A/XNa +
(mV)
0.06 100 0.015 1.22 0.089 0.66 -128 7.55 -173 -90
150 0.115 1.41 0.077 0.66 -130 7.36 -165 -104
200 0.125 2.35 0.066 0.96 -124 8.66 -247 -93
300 0.140 1.96 0.073 0.82 -118 7.46 -159 -94
400 0.125 3.35 0.048 1.38 -84 8.80 -215 -51
0.10 100 0.005 1.65 N.D. N.D. -111 8.22 -182 -96
100 0.100 1.10 0.040 2.54 -96 8.16 -185 -58
200 0.040 1.94 0.074 1.30 -114 7.90 -176 -83
200 0.160 0.93 0.047 2.14 -95 7.60 -138 -90
300 0.120 1.68 0.066 1.60 -118 7.55 -168 -86
400 0.550 0.44 0.137 0.79 -108 8.40 -199 -86
0.20 400 0.125 1.02 0.168 1.23 -125 9.21 -286 -100
0.30 400 0.500 0.61 0.171 1.74 -130 7.98 -209 -99
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'z*+  = '\  - Z .'p H  (mV) [9]
where Z = 2.303(46/( and 'p H  = pHi -pHo; pHi and pHo refer to the intra- and extracellular 
pH, respectively. At the experimental temperature (650C) Z=67  mV.
The sodium-motive force is described analogously:
' znc+ = '\  - Z .'pN a  (mV) [10]
where 'pN a  = -log ([Na+i]/([Na+o]). By measuring '\ , pHi and pHo, as well as [Na+i] and [Na+o], 
'z*+  and ' znc+ were established.
5.3 RESULTS
5.3.1 Growth of M. thermoautotrophicus in the chemostat
M. thermoautotophicus was cultured in a chemostat at varied dilution rates and gassing rates with 
80% H2/20% CO2 (Table 1). This resulted in steady state conditions in which dissolved 
hydrogen partial pressures were adopted that differed more than 100 fold (0.005-0.55 Bar). 
For each steady state, the specific rate of methane formation (çch4, mol.h-1.g-1 of DW) and the 
specific growth yield (Fch4, g DW.mol-1 of CH4) were determined. In addition, cells were
analyzed for a number of bioenergetic parameters (membrane potential, proton- and sodium- 
motive force). Cells were also analyzed for their contents of methanofuran, HS-CoM and HS-CoB 
derivatives. Results are summarized in Table 1 and will be discussed hereafter.
5.3.2 Proton- and sodium-motive forces during growth in the chemostat
Despite the over 100-fold difference in pH2 values, cells kept an approximately constant
membrane potential ('\  = -115±15 mV) (Fig.1). Likewise, 'z*+  values did not vary much over 
the broad pH2 range and were -180 to -200 mV. The values readily compared with data (-160
to -200 mV) measured by others (Butsch and Bachofen, 1984; Kaesler and Schönheit, 1988; 
Sauer et al., 1994; Schönheit et al., 1984). Large differences, however, were seen in a narrow 
region around pH2 = 0.125 Bar (Fig. 1). During growth in this region, cells were highly alkaline,
resulting in aberrant proton-motive forces (Table 1, Fig. 1). Also ' znc+ was approximately 
constant (ca. -90 mV), except for the pH2 = 0.125 Bar region. In our study, cells were grown in a
medium containing 100 mM Na+. Since intracellular sodium concentrations were generally 2-3 
fold higher, ' znc+ was less than '\ . From Fig. 1 it may be noted that an increase or decrease 
in ' zh+ was accompanied by an opposite change in ' znc+.
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Fig. 1  Transmembrane electrochemical electrical gradients '\), transmembrane electrochemical 
potentials of protons ( 'z *+) and of Na+ ('zNa+) during growth of M. thermoautotrophicus in a chemostat. 
M. thermoautotrophicus was cultured as summarized in Table 1 and at the indicated dissolved hydrogen 
partial pressures (jh2, Bar) in the medium. Bioenergetic parameters were determined as described in the 
Materials and Methods section. Symbols: V , '\  (mV); O, ' z * + (mV); □, '^Na+ (mV).
5.3.3 Methanogenesis, growth and proton-motive force
As outlined in the Introduction, methane formation is connected to the net extrusion of protons, 
thus generating a proton-motive force. The proton-motive force drives ATP synthesis required 
for growth. It appeared that 'z*+  increased with the specific rate of methane formation by the 
cells to approach some maximum value (Fig. 2A). In fact, two distinct maximum values were 
attained, -215 mV and -290 mV. The latter applied to cells that had grown at pH2 around 0.125 
Bar, whereas cells growing at the other dissolved hydrogen partial pressures took the former 
maximum. The size of the proton-motive force had a direct effect on the growth yield (Fig. 2B). 
Again, two distinct relations were observed between 'zh+ and the relative growth yield, 
expressed as the ratio between Ych4 and Ych4 max (see discussion). In this case, the two curves 
(Fig. 2B) were correlated with the growth mode. Fed-batch and chemostat studies demonstrated 
that M. thermoautotrophicus displays two stable modes of growth, notably exponential and linear 
growth (this thesis, Chapters 6 and 7). After the change of the gassing and/or dilution rates, cells 
adopt one of both growth modes. From Fig. 2B it can be seen that exponential cells displayed 
more negative 'z*+  values. Remarkably, growth yields decreased with increasing proton-motive 
force. Otherwise stated, growth and methane formation became more tightly coupled at 
decreased (less negative) 'zh+.
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q ch4 (mol.g"1.h"1) ' " h+ (m V)
Fig. 2 . Generation of proton-motive forces and related specific growth yields in chemostat cultures ofM. 
thermoautotrophicus. The organism was cultured at the conditions summarized in Table 1. (A) 
Relationship between the proton-motive force ' z h +, mV) and specific methane-forming activities (?ch4, 
mol.h-1.g-1 of DW) of cells growing at /m2 = 0.12 Bar (I) and at the other dissolved hydrogen partial 
pressures (X). (B) Relationship between the relative growth yields and the proton-motive force ' z * +, 
mV) for cells displaying exponential (I) and linear (X) modes of growth. The relative growth yield is 
defined as the ratio between the specific (î c h 4, g DW. mol-1 of methane formed) and the maximal growth 
yields ( í c h 4 m ax ) using Y ch4 m a x  values of 3.1 and 6.7 g.mol-1 for cells growing at j9h 2 < 0 . 1 2  Bar and 
j9h2 > 0 . 1 2  Bar, respectively (see Discussion).
5.3.4 Bioenergetics of formyl-methanofuran synthesis in chemostat cultures
Cells collected from the different steady state cultures were analyzed for their total and specific 
methanofuran contents. Total methanofuran contents varied with the growth conditions applied 
and were between 1-5 nmol.mg-1 of DW. Previously, Jones et al. (1985) measured a comparable 
content of 1.8 nmol.mg-1 for M. thermoautotrophicus. Formyl-methanofuran levels were 
calculated from the difference between the total and specific methanofuran contents. Using 
equations [6] and [7], free energy changes ( ' )  ) were calculated from the experimental formyl­
methanofuran and methanofuran concentrations, intracellular pH values, and the pH2 and pco2 at
which growth had taken place (Fig. 3). As expected, reactions were endergonic and ' )  values 
depended on the dissolved hydrogen partial pressures. At pH2 0.005-0.01 Bar, ' )  was about
+ 30 kj.mol-1, while a ' )  — +20 kj.mol-1 held at pH2 0.5-0.55 Bar. Notable variations occurred 
around pH2 0.12 Bar. In the analyses, formyl-methanofuran was always the major species, even 
at the low hydrogen concentrations (see also below). This can only be explained, if formyl- 
methanofuran synthesis is driven. We then compared the free energy changes with those 
generated by the sodium-motive force using equation [2] (Figs. 1 and 3). The comparison 
showed that at pH2<0 .12  Bar approximately 3 Na+ had to be translocated per reaction, whereas
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Fig. 3. Bioenergetics of formyl-methanofuran synthesis in chemostat cultures of M. thermoautotrophicus. 
M. thermoautotrophicus was grown at the indicated dissolved hydrogen partial pressures pH2, Bar) in the 
medium. Gibbs free energy changes of formyl-methanofuran synthesis at the experimental conditions 
( 'G ’, kj.mol-1) (V) were calculated as described in the Text. The values were compared with the sodium- 
motive force-related ('zn+ energy changes 'G  = mF'zN+ (kj.mol-1) assuming the reaction to be driven 
by the import of m=2 (0) or m=3 Na+ (O).
an import of 2 Na+ would have been sufficient to drive the reaction at pH2>0 .12  Bar. In the 
small pH2 region around 0.12 Bar, the stoichiometry was either 2 or 3.
5.3.5 Bioenergetics of CoM-S-S-CoB reduction in chemostat cultures
Cells from the chemostat cultures were also analyzed for the contents of HS-CoM, HS-CoB and 
CoM-S-S-CoB. Depending on the growth conditions applied, cellular contents of HS-CoM varied 
between 0.1-0.4 nmol.mg dw-1, HS-CoB levels were between 0.2-0.5 nmol.mg dw-1, while CoM-
S-S-CoB was 1.0-2.0 nmol.mg dw-1. Contents of HS-CoM derivatives were comparable to those 
described in literature (Balch and Wolfe, 1979). From the experimental coenzyme 
concentrations and the in situ p*2 values, the free energy changes associated with heterodisulfide
reduction ( 'G 4 ) were calculated using equation [8] (Fig. 4). The reaction was, indeed, very 
exergonic, notably at high pH2, where 'G 4 amounted to -80 kj.mol-1. Although reaction
thermodynamics would have favored the quantitative reduction of CoM-S-S-CoB, also at a 
pH2 — 0.01 Bar, the compound was the major species. Since heterodisulfide reduction is most 
likely linked with the generation of a proton-motive force, we related the free energy changes to 
'z*+  using equation [5] (Figs. 1 and 4). The comparison suggested that 'G 4 at pH2<0 .12  Bar 
would suffice to pump 3-4 protons out of the cell. At pH2>0 .12  Bar, the value was close to 4. 
As mentioned above, 'zh+ considerably varied in pH2 = 0.12 Bar region. Here, the putative 
proton translocation stoichiometry could be either three or four.
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Fig. 4. Bioenergetics of CoM-S-S-CoB reduction in chemostat cultures of M. thermoautotrophicus. M. 
thermoautotrophicus was grown at the indicated dissolved hydrogen partial pressures (pH2, Bar) in the 
medium. Gibbs free energy changes of the heterodisulfide reduction at the experimental conditions '( GN, 
kj.mol-1) (V) were calculated as described in the Text. The values were compared with the proton-motive 
force-related ('z*+) energy changes 'G  = nF 'z*+ (kj.mol-1) assuming CoM-S-S-CoB reduction to be 
coupled to the export of n = 3 (0) or n = 4 H+ (O).
5.3.6 Free energy changes and sodium-motive forces related to the formyl­
methanofuran dehydrogenase reaction catalyzed by cell suspensions
Direct analyses of growing cells from the chemostat suggested that formyl-methanofuran 
synthesis was driven by the import of an integral number of sodium ions, notably three at 
pH2<0 .12  and two at pH2>0.12 . To study the stoichiometry in more detail, cells were
anoxically collected from the different steady state cultures listed in Table 1. Series of cell 
suspensions were subsequently incubated under 20% CO2, and hydrogen partial pressures were 
varied 800 fold (0.001-0.80 Bar). In the course of the incubations, methane formation was 
followed. Methanogenesis always proceeded linearly in time and the rates depended on the pH2 
applied. After incubation, cells were analyzed for the contents of methanofuran, formyl­
methanofuran, '\ , and for intra- and extracellular pH and sodium concentrations. Results of a 
typical experiment are shown in Fig. 5. Despite the 800-fold variation in pH2, concentration
ratios between formyl-methanofuran and methanofuran varied only three-fold (Fig. 5 A). Quite 
remarkably, formyl-methanofuran was the predominant derivative, especially at low pH2 (<0 .1
Bar). '\  and 'zNa+ increased in parallel, i.e. they became more negative, with increasing pH2
(Fig. 5B). From the concentration ratios between formyl-methanofuran and methanofuran, pH2
and pco2, 'G 1 values were calculated and compared to the energy generated by the sodium-
motive force using equation [2] and assuming integral translocation numbers of 2, 3 or 4 sodium
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Fig. 5. Bioenergetics of formyl-methanofuran synthesis in cell suspensions of M. thermoautotrophicus. 
Cell suspensions of M. thermoautotrophicus grown in the chemostat at j9h 2 =  0 . 0 0 5  Bar (dilution rate, 0.1 
h-1; gassing rate with 80% H2/20% CO2, 100 ml.min-1) were incubated under 20% CO2 and at the 
indicated hydrogen partial pressures (dh 2, Bar). Methane-forming cells were subsequently analyzed for
(A) the concentration ratios between formyl-methanofuran and methanofuran ([f-MFR]/[MFR]) O) and
(B) membrane potentials ('\, mV) (□) and sodium-motive force ('zNa+, mV). (X). In (C) the Gibbs free 
energy changes of formyl-methanofuran synthesis at the experimental conditions 'G ’, kj.reaction-1) (□) 
are compared with the energy changes generated by 'zNa+ assuming the reactions to be coupled by the 
import of m= 2 (V), 3 (X) or 4 (•) Na+.
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ions per reaction (Fig. 5C). As above (Fig. 3), ' G 1 varied between +30 to +10 kj.mol-1 in the 
pH2 range between 0.001 and 0.8 Bar. In addition, the comparison with the sodium-motive force
indicated that the import of 2 Na+ was sufficient to drive the reaction at pH2>0 .1  Bar, whereas 
an import of 3 Na+ would be required in the pH2 range 0.01-0.1 Bar. At pH2<0.01 Bar, 
however, formyl-methanofuran synthesis required the translocation of even 4 Na+. Moreover, the 
data presented in Fig. 5C rather suggest a variable, non-integral number of m sodium ions to be 
involved in the coupling, at which m may take all values between two and four. Suspension 
incubations were done with cells from the different steady states. Irrespective of the chemostat 
conditions and pH2 at which growth had occurred, similar results were obtained as shown in Fig.
5.
5.3.7 Free energy changes and proton-motive forces related to CoM-S-S-CoB 
reduction catalyzed by cell suspensions
Chemostat analyses suggested heterodisulfide reduction to be in equilibrium with a proton­
motive force, permitting the translocation of 3-4 protons. By the experimental setup described in 
the previous section, the reaction was studied with resting cells collected from the chemostat. 
After incubation of the cell suspensions under 20% CO2 and varied hydrogen concentrations 
(0.001-0.8 Bar), cells were analyzed for the HS-CoM, HS-CoB and CoM-S-S-CoB 
concentrations, '\ , and for the intra- and extracellular pH values. From these data, 'G 4 and 
'z*+  were derived. Using cells that been cultured at pH2 0.005 Bar, 'G 4 was increased from 
-50 to -57 kj.mol-1 in the pH2 range 0.001-0.8 Bar (Fig. 6A). 'zh+ changed in parallel with
'G 4 . The comparison between both parameters showed that heterodisulfide reduction enabled 
the export of exactly three protons. The same results, including the fixed translocation 
stoichiometry n = 3, were obtained for all cell suspensions grown at pH2<0 .12  Bar. A different
result was obtained with cells that had been cultured at pH2>0 .12  Bar (Fig. 6B). Again, 'G 4
and 'zH+ increased in parallel with the hydrogen concentrations at which incubations had taken 
place. Free energy changes (-55 to -70 kj.mol-1) were more negative than above (Figs. 6A and 
B) and permitted the export of exactly four protons. Whereas apparent proton translocation 
stoichiometries n = 3 and 4 were observed for suspensions grown at pH2<0 .12  Bar and 
pH2>0 .12  Bar, respectively, n was either 3 or 4 for cells grown around pH2 = 0.12 Bar.
5.4 DISCUSSION
The hydrogen-dependent formyl-methanofuran synthetase and heterodisulfide reductase 
reactions are two central reactions in the energy metabolism of methanogenic archaea. The 
thermodynamics of the reactions were studied in M. thermoautotrophicus growing in a chemostat 
under a variety of dissolved hydrogen partial pressures and in experiments with cell suspensions 
of the organism collected from steady state cultures.
Formyl-methanofuran synthesis, the first step in methane formation from CO2, is an 
endergonic reaction for which a standard free energy change 'G 0 = + 16 kj.mol-1 was calculated
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Fig. 6. Bioenergetics of CoM-S-S-CoB reduction in cell suspensions of M. thermoautotrophicus. Cells of 
M. thermoautotrophicus collected from the chemostat growing at (A) pH2 = 0.005 Bar (dilution rate, 0.1 
h-1; gassing rate with 80% H2/20% CO2, 100 ml.min-1) and (B) p*2 = 0.16 Bar (dilution rate, 0.1 h-1; 
gassing rate, 200 ml.min-1) were incubated under 20% CO2 and at the indicated hydrogen partial 
pressures (pH2, Bar). Gibbs free energy changes of heterodisulfide reduction at the experimental 
conditions ( 'G ’, kj.reaction-1) (□) were calculated as described in the Text and compared with the 
energy changes nF'z*+ (kj.reaction-1) (V) required to pump (A) n=3 and (B) n = 4 H+ across the cell 
membrane.
(Keltjens and van der Drift, 1986; Thauer, 1998). Data presented here show the free energy 
changes under experimental conditions ( 'G  ) to vary between +10 and +35 kj.mol-1 (Figs. 3 
and 5). As one might expect, values were highly depended on the in situ hydrogen 
concentrations. Previous studies demonstrated that the reaction is driven by the import of 
sodium ions (Kaesler and Schönheit, 1989a). This was concluded from experiments in which 
reactions were followed from the opposite direction, notably CO2 formation from formaldehyde. 
By measuring the rates of CO2 formation and sodium ion extrusion, Kaesler and Schönheit 
(1989a) concluded that formyl-methanofuran synthesis would be coupled to the translocation of 
2-3 Na+ per reaction in case of M. barkeri; the number could be three to four for 
Methanothermobacter. In this study, we measured the free energy changes related with formyl­
methanofuran synthesis and compared those with the corresponding sodium-motive force values 
that were established in methane-forming cells. The results, indeed, support a Na+ translocation 
stoichiometry of 2-4 (Figs. 3 and 5). Our analyses also indicate a variable, rather than a fixed 
(integral) number of sodium ions to be involved in thermodynamic coupling. The number 
appears to stand under instantaneous control of the in situ hydrogen concentration and/or the 
size of 'zNa+ (Fig. 5). Our data, however, do not rule out that formyl-methanofuran synthesis is 
kinetically coupled with the import of a fixed, integral number of (possibly four) sodium ions.
The hydrogen-dependent reduction of CoM-S-S-CoB is an exergonic reaction showing a 
'G 0=-40 kj.mol-1 (Keltjens and van der Drift, 1986; Thauer, 1998). Results presented here 
demonstrate that the free energy changes under physiological conditions are considerably more 
negative ('G =-55  to -80 kj.mol-1). 'G  increased with the hydrogen partial pressures. In 
addition, 'G  values were more negative in cells that had been grown at higher pH2 (Figs. 4 and
6). Detailed studies with M. mazei showed that the energy released in heterodisulfide reduction 
is utilized to pump protons out of the cell, thus creating a proton-motive force (Deppenmeier et 
al., 1991, 1996, 1999; Ide et al., 1999; Schäfer et al., 1999). Although the mechanism in M.
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thermoautotrophicus is as yet not understood, CoM-S-S-CoB reduction must be the crucial 
reaction in 'zh+ generation, also in this organism. In agreement herewith, free energy changes 
associated with heterodisulfide reduction were always in equilibrium with 'zh+ to the degree 
that 3 to 4 protons could be translocated per reaction. Quite remarkably, cells that had been 
grown at pH2<0 .12  Bar maintained heterodisulfide reduction free energy changes and proton­
motive force sizes in a way that permitted the export of 3 H + , whilst an apparent proton­
translocation stoichiometry of 4 held for cells that had been cultured above 0.12 Bar. The 
results indicate that M. thermoautotrophicus regulates the bioenergetic machinery involved in 
CoM-S-S-CoB reduction and H+ translocation in response to the environmental hydrogen 
changes.
The present findings are corroborated by growth studies in fed-batch and continuous 
culture systems to be described in Chapters 6 and 7 of this thesis. There it will be shown that M. 
thermoautotrophicus displays two distinct theoretical maximal growth yields (Fch4 max), notably
3.1 and 6.7 g DW per mole of methane formed. The former value applies to cells growing below 
pH2~0.12 Bar and the higher value is observed, when growth proceeds above that 
concentration. Assuming 10 g of dry cells to be produced from one mole of ATP (Stouthamer 
and Bettenhausen, 1973) and assuming ATP synthesis to be coupled to the translocation of 3 
H+ per reaction, the Ych4 max = 3.1 g DW.mol-1 of methane is realized if methanogenesis from
CO2 is connected to the net export of one proton per methane formed. The about two-fold higher 
YCh4 max = 6.7 g DW.mol-1 of methane would require the net translocation of one additional H + .
The change in proton translocation stoichiometries around pH2 = 0.12 Bar found here is 
consistent with this change in Ych4 max values.
It should be stressed that the proton translocation numbers that are deduced from our 
approach represent theoretical maximal values. Actual numbers can be lower as the result of 
(heat-producing) proton-slipping processes. Likewise, Ych4 max values represent theoretical
maximal growth yields that only hold if methanogenesis, ATP formation and growth are fully 
coupled. Specific growth yields in the chemostat cultures were variable and clearly less than the 
maximal values (Table 1), suggesting different degrees of uncoupling between methanogenesis 
and growth. In this respect, it is interesting to note that specific growth yields were especially low 
in cells that maintained a high proton-motive force (Fig. 2B). It is tempting to speculate that an 
increase in ' zh+ is accompanied with the increase in proton slipping, either in H+ export or in 
H+-driven ATP synthesis, causing the decreased growth yields.
Both the work described here and our growth studies described hereafter (this thesis, 
Chapters 6 and 7) suggest a shift in proton translocation stoichiometries to occur in a narrow pH2
span around 0.12 Bar. Cells that had been grown within the zone showed dramatic, almost 
hyperbolic changes in ' zh+ values (Fig. 1). The changes are, in fact, the direct consequence of 
the stoichiometry shift. Heterodisulfide reduction at pH2~0.12 Bar was related with a 'G  of
-60 to -70 kj per reaction (Fig. 4). The translocation of 4 H+ would require a ' zh+ of about 
-150 mV, whereas the proton-motive force had to be increased to -250 mV in case of 3 H+. 
Data shown in Fig. 1 are in agreement with the ' zh+ differences. Moreover, the maximal 
'Z*+ =-290 mV of cells growing at pH2~0.12 Bar was higher than in cells growing at other 
hydrogen partial pressures (-215 mV) (Fig. 2A), the ratio (4:3) apparently reflecting the H + 
translocation stoichiometries.
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Methanogenic archaea growing on hydrogen and CO2 have to cope with vast changes in 
their energy source, H 2. The adaptation involves the differential expression of methanogenic 
enzymes and the tuning of physiological properties (growth rates, growth yields, rates of methane 
formation) to hydrogen changes (Bonacker et al., 1992, 1993; Morgan et al., 1997; Nölling et 
al., 1995; Pennings et al., 2000; Pihl et al., 1994; Schönheit et al., 1980; this thesis, Chapters 
6 and 7). Here it is shown that pH2 has a direct effect on the bioenergetics of the formyl­
methanofuran dehydrogenase and heterodisulfide reductase reactions, forcing the organisms to 
accommodate the Na+ and H+ translocation numbers in the respective reactions.
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Abbreviations used:
DW, dry weight; z , specific growth rate (h-1); m, maintenance coefficient (mol CH4.g DW-1.h-1); 
0D600, optical density at 600 nm; pH2, dissolved hydrogen partial pressure; sch4, specific rate of 
methane formation (mol CH4.g DW-1.h-1); TCS, 3,3’,4’,5-tetrachlorosalicylanilide; vin, vout, inflow, 
outflow gassing rates (ml.min-1); vh2, cellular hydrogen uptake rate (ml.min-1); vch4, methane
production rate (ml.min-1, zmol.min-1); Fch4, specific growth yield (g DW.mol-1 of methane); 
Ych4 max, maximal growth yield (g DW.mol-1 of methane).
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ABSTRACT
Methanothermobacter thermoautotrophicus was cultured in a fed-batch fermentor under different 
gassing regimes with 80% H2:20% CO2 while continuously monitoring the dissolved hydrogen 
partial pressures (p*2). Cells displayed a distinct growth behavior. After a lag phase during which
specific growth rates and specific methane-forming activities increased in a direct proportional way, 
the specific growth rate became maximal (0.24 ± 0.02 h -1) during the exponential stage. Hereafter, 
cellular densities increased linearly in time for prolonged periods o f time. During the linear stage, 
specific growth rates and specific methane-forming activities gradually declined, but hydrogen 
consumption and methane formation rates, as well as specific growth yields and p h2 values were 
fixed. Depending on the gassing intensity o f the particular culture, the dissolved hydrogen partial 
pressures during the linear stage, however, could differ between approximately 1% and 60% H 2. 
Differences in p*2 values were accompanied by differences in specific growth yields. Growth and
methanogenesis became more tightly coupled at reduced hydrogen partial pressures. Furthermore, 
our analyses suggested that M. thermoautotrophicus may take two distinct theoretical maximal 
growth yields (Ych4 max), notably 3.1 and 6.7 g dry weight.mol1 o f methane formed. The former 
applies during growth at low hydrogen (below 12%), whereas the higher value is adopted during 
growth at higher concentrations.
6.1 INTRODUCTION
Most methanogenic archaea, including Methanothermobacter thermoautrophicus used in this 
study, derive their energy for autotrophic growth from the conversion of CO2 into methane with 
H 2 as the energy source. H 2 concentrations in natural habitats can vary greatly. In environments 
like anaerobic sediments, sewage digestors and rumen fluids, hydrogen formed by obligate 
proton-reducers is available at only very low levels (Kramer and Conrad, 1993; Smolenski and 
Robinson, 1988; Zinder, 1993). In contrast, hydrogen concentrations can be high at sites where 
methanogens obtain the gas from H 2-producing fermentative microorganisms (Zinder, 1993). 
Under laboratory conditions, hydrogen availability of the cells depends on the gassing rates 
applied and hydrogen-mass transfer capacity of the fermentative devices. During growth in fed- 
batch systems dissolved hydrogen partial pressures (pH2) continuously change in time as the 
result of increasing consumption rates by growing biomass.
Methanogens have to couple the process of energy generation (methanogenesis) and 
biomass formation under highly diverse hydrogen concentrations. The coupling between 
catabolism and anabolism is not a constant factor. Many authors observed that specific growth 
yields (Ych4), expressed as the amount of biomass formed per methane produced, were relatively
low when growth proceeded under hydrogen excess and that yields were highest under 
hydrogen limitation (Fardeau and Belaich, 1986; Fardeau et al., 1987; Liu et al., 1999; 
Morgan et al., 1997; Pennings et al., 2000; Schill et al., 1996; Schönheit et al., 1980; Seely 
and Fahrney, 1984; Tsao et al., 1994; Vermeij et al., 1997). The physiological rationale is not 
understood, but it has generally been assumed that the degree of coupling between 
methanogenesis and growth depends on the in situ hydrogen concentration. In these studies,
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hydrogen-excess and hydrogen-limited conditions were imposed by changing gassing rates or 
medium agitation. With few exceptions (Liu et al., 1999; Schill et al., 1996), hydrogen 
concentrations, however, were not actually measured.
We now cultured M. thermoautotrophicus in a fed-batch fermentor under various 
hydrogen-gassing regimes, while continuously recording pH2 with a newly developed H 2-sensor. 
It was found that the organism grew in a defined order. The growth cycle was composed of 
subsequent lag, exponential and linear growth phases. Each phase was characterized by the 
distinct way specific growth rates, growth yields and methane-forming activities were 
interrelated. Specific growth yields depended on the dissolved hydrogen partial pressures and 
increased with decreasing pH2. Our analyses also suggest that M. thermoautotrophicus may adopt 
two different maximal growth yields for growth at low and high hydrogen.
6.2 MATERIALS AND METHODS
6.2.1 Chemicals
Gasses were supplied by Hoek-Loos (Schiedam, the Netherlands). To remove traces of oxygen, 
hydrogen-containing gasses were passed over a BASF R0-20 catalyst at room temperature; 
nitrogen-containing gasses were passed over a pre-reduced R3-11 catalyst at 1500C. The 
catalysts were a gift of BASF Aktiengesellschaft (Ludwigshafen, Germany). TCS (3,3’,4’,5- 
tetrachlorosalicylanilide) was purchased from Eastman Kodak (Rochester, NY, USA). All other 
chemicals were of the highest grade available.
6.2.2 Growth conditions
M. thermoautotrophicus (formerly: Methanobacterium thermoautotrophicum strain AH, DSM 
1053) was grown in a 3-liter fermentor (MBR) equipped with pH (Ingold; Elscolab BV, 
Maarssenbroek, The Netherlands), hydrogen (see below) and temperature probes. The 
fermentor was filled with 1.5 to 2.5 liters of mineral medium, which was sparged with an 80% 
H2:20% CO2 gas mixture. Medium contained the following constituents (g.l-1): KH2PO4 (6.8), 
NaHC03 (9.0), NH4Q  (2.1), trace elements stock solution (0.1%; v/v) (Schönheit et al., 1979), 
sodium resazurin (0.1 mg.l-1), and cysteine.HCl (0.6) and Na2S203 (0.6) as reducing agents. 
Culturing took place at 650C and pH 7.0. After autoclaving, the medium was subsequently 
gassed (25 ml.min-1; 100 rpm) with 80% N2:20% CO2 and 80% H2:20% CO2 to determine the 
0% and 80% settings and drifts of the hydrogen probe, respectively. Hereafter, the fermentor 
was inoculated with 25 ml of a freshly prepared serum bottle culture. As soon as methane 
formation had initiated, the stirring rate was adjusted to 1500 rpm and gassing with 80% 
H2:20% CO2 was increased to the specified flow rate (vin, ml.min-1); the gassing rate was kept 
constant throughout the growth cycle. Analyses started 5 to 12 h after inoculation.
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6.2.3 Analytical procedures
Dissolved hydrogen partial pressures were monitored on line with an amperometric pH2 
(Ag20/Ag) probe (Schill et al., 1996). The probe that was prepared from a Clark-type oxygen 
electrode (Broadly Technologies Corp., Irvine, CAL, USA) gave a linear response with respect to 
the dissolved hydrogen partial pressures in the 0-80% H 2 range. Meter readings were corrected 
for a small linear drift calculated from the slopes of the recorder during the gassing steps with 
80% N2:20% CO2 (0% H 2) and 80% H2:20% CO2 prior to inoculation. The base-line signal (0% 
H 2) was checked at the end of the growth cycle after stopping the gas supply.
Outflow gas rates (vout, ml.min-1) were measured with a soap film flow meter. Methane 
contents of 1-ml aliquots of the outflow gas were determined by gas chromatography. Hydrogen 
uptake rates (vh2, ml.min-1) were calculated from the difference between the gas inflow and
outflow rates (vin-vout). The relation follows from the stoichiometry of the process of methane 
formation from H 2 and CO2 [equation 1]. From the equation it also follows that
4 H 2 + CO2 O  CH4 + 2 H 2O [1]
the methane production rate vcH4 = (vin-vout)/4 (ml.min-1). The calculations ignore H 2 and CO2 
consumption for biomass formation, which is less than maximally 4 to 5% of the inflow-gassing 
rate (Schill and von Stockar, 1995; Schill et al., 1996). Indeed, methane production rates 
determined by gas chromatography and by gas flow measurements deviated generally less than 
about 5% from each other.
At regular time intervals, culture samples were anoxically collected from the fermentor 
and optical densities were measured at 600 nm (OD600). Cellular dry weights (DW, g) were 
calculated from the OD600 values. Previous experiments established that the linear relationship 
between the OD600 and the dry weight content at which 1 liter of culture showing an OD600 of 1 
equaled 0.425 g DW of cells.
Methane analyses were performed on a HP 5890 gas chromatograph equipped with a 
Poropack Q column and a flame ionization detector.
6.2 .4  Cell suspension incubations
Cells collected from the fed-batch fermentor were divided inside an anaerobic glove box into 5­
ml portions in 115-ml serum bottles. If required, cells were diluted with growth medium lacking 
NH4Q  and trace elements to give a final OD600 of 1. Serum bottles were closed with black butyl 
rubber stoppers and aluminum crimped seals. Bottles were evacuated and pressured (200 kPa) 
in triplicate with either 80% H2:20% CO2 or 8% H2:72% N2:20% CO2 . Hereafter, titanium 
citrate (final concentration, 1mM) was added to remove traces of oxygen (Zehnder and 
Wuhrmann, 1976) and 1 ml of ethane was added as the internal standard for methane 
measurements (Gijzen et al., 1991). Serum bottles were subsequently placed in a waterbath at 
650C. At regular times, head space samples were withdrawn and analyzed for methane. As soon 
as methane formation had started, the serum bottles were transferred to a rotary shaking 
incubator operating at 200 rpm and 650C, and incubations were continued for 60 min. During 
this period, methane formation proceeded at a constant rate.
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Fig. 1  Growth of M. thermoautotrophicus in a fed-batch reactor at low gassing rate. The organism was 
cultured as described in the Materials and Methods section in 2.5 l of mineral medium at a constant 
gassing rate of 107 ml.min-1 with 80% H2:20% CO2 (v/v). Measurements started (t=0 h) 12 h after 
inoculation. (A) Time course of cell growth measured as the optical density at 600 nm X), hydrogen 
uptake rate (V h 2, ml.min-1) (□), and dissolved hydrogen partial pressure (oh2) (•). (B) Time-dependent 
changes of the specific rate of methane formation (jc h 4, zmol.min-1.mg-1 of DW) (V), specific growth rate 
(z, h-1) (□), specific growth yield (Y ch4, g.mol-1 of CH4) (O), and p*2 (•). (C) Relationship between qcH4 
(mol.g-1.h-1) and z (h-1) during the lag (X), exponential (V) and linear (0) growth stages.
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6.2.5 Data analyses
The growth cycle of M. thermoautotrophicus in the fed-batch fermentor was characterized by 
three subsequent stages, a lag phase, an exponential phase, and a linear phase (see Results). 
During the lag phase, the specific growth rate (z , h-1) increased linearly in time: z  = K.t. It then
2
follows that Mt=M0 .e 2Kt ; Mt and M0 are the amounts of biomass at timepoint t and at the time of 
inoculation, respectively. The K term is derived from the slope of the graph in which the natural 
logarithm of biomass (OD600) is plotted against t2.
During the exponential phase, cells grew at a constant specific growth rate, which was 
calculated from a ln(0 Dó00) versus time plot or by fitting the OD600 values with an exponential 
function. It is assumed that the relationships between z, the specific growth yield Ych4 (g
DW.mol-1 of methane formed), and the specific rate of methane formation qcH4 (mol CH4.g-1.h-1) 
for exponential growth are described by the Pirt and the Herbert-Pirt equations [2] and [3], 
respectively (Pirt, 1965; Russell and Cook, 1995; Tempest and Neijssel, 1978):
—  = — 1—  + m  [2 ]
; CH ; CH zCH4 C^ max r
qCH4 = (1 !  ; CH4max )Z + m [3]
In the equations, m and Ych4 max represent the (z-independent) specific maintenance coefficient 
and the maximal theoretical growth yields, respectively. Because of the general relation 
q = (1/Y)z, equations [2] and [3] are equivalent (Russell and Cook, 1995). The validity of the 
equations is usually tested in continuous culture experiments. This type of studies verified that 
the relations, indeed, apply to methanogens (Fardeau and Belaich, 1986; Fardeau et al., 1987; 
Peillex et al., 1988; Tsao et al., 1994; this thesis, chapter 7; see also Discussion).
During the linear growth stage, biomass increased at a constant rate a  (g DW.h-1). 
Consequently, Mt=M 0 +at (M0’, biomass at the onset of the linear growth). In addition, the rate 
of hydrogen consumption (vH2) and methane formation (vCH4) as well as pH2 remained constant.
(It should be noted that the proper values of the a , vh2 and vch4 depend on the H 2-gassing 
regime.) From the definition of the specific growth rate z  = (dMt/dt)/Mt, it follows that:
zlin = a/(M0’ + at) [4]
The immediate consequence is that the specific growth rate z 1™ (the subscript refers to the linear 
stage) is variable and decreasing in time. Similarly, the specific rate of methane formation 
decreases in time according to:
qCH4 = vCH4/(M0N + at) [5]
From the relation q = (1/Y)z and equations [4] and [5] it is inferred that YcH4 = a/vcH4. Thus, the 
growth yield during the linear phase is constant. In addition, qcH4 and zlin linearly relate as 
follows:
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Table 1. Growth properties of Methanothermobacter thermoautotrophicus. M. thermoautotrophicus was cultured in a fed-batch 
fermentor as described in the Materials and Methods Section and gassing rates and culture volumes were applied as indicated. 
Abbreviations used: Vm, gassing rate (80% H2:20% CO2, v/v); /-lex, specific growth rate during exponential growth; </ch4 max, 
maximal specific methane-forming activity in the exponential phase; Ac/ci 1 difference between the maximal and minimal specific 
methane-forming activity in the exponential phase; Y ch4 max, theoretical maximal growth yield; />h 2(1), dissolved hydrogen partial 
pressure during linear growth; Y ch4(1), specific growth yield during linear growth, (a), 1 impeller mounted; (b) 2  impellers 
mounted.
Culture conditions Exponential phase Linear phase
Vin (ml.min1) fXex (/CH^ max A<7ch4 YCH4 max />h2(1) Y ch4(1)
(culture volume. D
(h1) (mol.g^.h1) (mol.g^.h1) (g.mol1 CH4) (Bar) (g.mol1 CH4)
107 (2.5) (b) 0.25 0.167 0.079 3.15 0.01 3.00
214 (2.5) (a) 0.22 0.144 0.070 3.15 0.01 3.20
(b) 0.24 0.127 0.034 7.05 0.04 2.20
(b) 0.25 0.161 0.037 6.75 0.04 2.00
428 (2.5) (a) 0.23 0.174 0.034 6.70 0.06 1.70
(b) 0.23 0.177 0.035 6.70 0.29 1.65
(2.0) (b) 0.22 0.178 0.033 6.70 0.49 1.55
(b) 0.22 0.188 0.033 6.70 0.59 1.40
1
1
8
The coupling between methane formation and growth in fed-batch cultures
?ch4 = (1/YcH4)ziin [6]
The comparison between the equations [3] and [6] indicates that the m and Ych4 max terms
apparently have vanished from the latter. This is not necessarily true, since the maintenance 
coefficient during the linear stage (miin) could be implicit. Substitution of eqn [6] into eqn [3] 
shows that mlin = (1/YcH4- 1/Ych4 max)zlin. At a fixed YcH4and Ych4 max, the maintenance coefficient 
becomes linearly dependent on z.
In the analyses, straight sections of graphs were evaluated by linear regression. Specific 
growth yields were calculated from the experimentally determined specific methane-forming 
activities and specific growth rates using the relationship Ych4 = z /?ch4.
6.3 RESULTS
6.3.1 Growth characteristics of M. thermoautotrophicus in a fed-batch fermentor
When M. thermoautotrophicus was cultured in a fed-batch fermentor at low 80% H2:20% 002 
gassing rate (107 ml.min-1), cells grew initially in an exponential way (Fig. 1A). As the result of 
increasing hydrogen consumption rates by the growing biomass, the dissolved hydrogen partial 
pressure steadily decreased to become as low as 0.01 Bar. Hereafter, the hydrogen 
consumption rate became constant (84 ml.min-1) and the gas was almost quantitatively 
consumed. In addition, the optical density increased linearly in time. Apparently, growth 
became limited by the H 2 supply. To test this, the organism was grown at a higher gassing rate 
(428 ml.min-1). The same growth behavior was found (Fig. 2A). Quite remarkably, rh2 did not 
drop to very low values during the linear growth stage, but it was maintained as high as 0.29 
Bar. Again, the hydrogen consumption rate became constant (vh2 = 275 ml.min-1), but the gas 
was only partly utilized. Subsequent experiments showed that the rh2 values could be controlled 
by the H 2: d 2 gassing regime (Table 1). Depending on the gassing rate to culture volume ratio 
and mixing intensity (number of impellers), steady rh2 values were obtained that ranged between 
0.01 and 0.59 Bar. Linear growth could proceed for prolonged periods of time (at least 72 h), 
at which optical densities up to OD600 7 to 10 were obtained (data not shown). Hydrogen 
consumption and methane production rates, as well as dissolved hydrogen partial pressures, 
however, remained constant throughout the whole period. Interestingly, medium pH, which was 
pH 7.0 during the exponential phase, dropped in the course of the linear stage to become pH 
6.4-6.5 at high cellular densities.
6.3.2 Growth rates, growth yields and methane-forming activities
Specific growth rates (z) are usually calculated from the straight section of graphs in which the 
logarithm of biomass (or OD) is plotted against time. This type of graph demonstrated that z  was 
only constant during an intermediary part of the growth curve, the exponential phase. When 
ln(0D 600) values measured for the initial period of growth, the lag phase, were plotted against the 
squared times, a straight line was obtained (Fig. 3A, inset). This implies that z  increased linearly 
in time during this phase. A plot of the specific methane forming activities versus the calculated z
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Fig. 2 . Growth of M. thermoautotrophicus in a fed-batch reactor at high gassing rate. The organism was 
cultured as described in the Materials and Methods section in 2.5 l of mineral medium at a constant 
gassing rate of 428 ml.min-1 with 80% H2:20% c02 (v/v). Measurements started (t = 0 h) 8 h after 
inoculation. (A) Time course of cell growth measured as the optical density at 600 nm X), hydrogen 
uptake rate (V h 2, ml.min-1) (□), and dissolved hydrogen partial pressure (oh2) (•). (B) Time-dependent 
changes of the specific rate of methane formation S ch4, zmol.min-1.mg-1 of DW) (V), specific growth rate 
(z, h-1) (□), specific growth yield ( ! ch4, g.mol-1 of c H 4 ) (O), and p*2 (•). (c) Relationship between qc*4 
(mol.g-1.h-1) and z (h-1) during the lag (X), exponential (V) and linear (0) growth stages.
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values also yielded a straight line. The line intersected the Y-axis at qcH4 = 0 (Figs. 1c, 2c, 3A). 
Apparently, cells increased their specific growth rate and methane-forming activity in a way that 
the specific growth yield (Fch4) was fixed. In fact, Ych4 values depended on the gassing regime
applied. The values were lower when growth was started at high gassing intensity (Figs. 1B and 
2B). Specific growth rates became maximal at the entry of the exponential stage and remained 
constant throughout the stage (Fig. 3A). The values did not significantly differ among the various 
gassing regimes (0.23-0.25 h-1; doubling times 2.8-3.1 h) (Table 1). In the course of the 
exponential phase, specific methane-forming activities first increased to a maximum and 
subsequently became less, concomitant to the decrease of the dissolved hydrogen partial 
pressures (Figs. 1, 2, Table 1). Hereafter, cells entered the linear phase. During this stage, the 
specific growth rates and specific methane-forming activities decreased in parallel and qcH4 
versus z  plots showed the linear relationship in agreement with equation [6] (Figs. 1c, 2c, 3B). 
The slope of the plots, which equals the reciprocal of the specific growth yield, varied with the 
dissolved hydrogen partial pressure during the linear phase. Ych4 values became higher at lower 
pH2 (Table 1). Thus, growth and methane formation became more tightly coupled at low
hydrogen concentrations.
Our analyses suggest that growth of M. thermoautotrophicus in the fed-batch fermentor 
followed a defined trajectory, which can be schematically represented by qcH4-z diagrams (Figs.
1c, 2c and 3). Herein, three growth phases can be distinguished: the lag, the exponential and 
the linear phase. As mentioned, qcH4 took a maximal value in the course of the exponential stage
and subsequently declined. The decline (AqcH4) was relatively large, when the transition of the 
exponential to the linear phase took place below pH2 0.12 to 0.15 Bar (Figs. 1B and 1c, Table 1 
and data not shown). Since the specific growth rate (zex) was fixed, it follows from the linear Pirt 
equation [3] that the decrease in the specific methane-forming activity must have been 
accompanied by an equal decrease in the maintenance coefficient (m). It can mathematically be 
proven that AqcH4 = zex/ Ych4 max. From the experimentally determined AqcH4 and z<=x values, two 
distinct Ych4 max values were obtained, notably 3.1 and 6.7 g DW.mol-1 of cH4 formed during 
growth at low and high hydrogen, respectively (Table 1). The initial increase in qcH4 during the 
exponential phase also appears to be associated with a Ych4 max = 6.7 g DW.mol-1 of methane 
(Figs. 1c, 2c, 3A).
6.3.3 The transition of exponential into linear growth
The shift from exponential to linear growth is an intriguing phenomenon. Experiments described 
above demonstrated that the shift was not related to energy (hydrogen) limitation. Limitation of 
other nutrients did not play a role either. Growth characteristics were not affected by an extra 
supply of medium constituents, including ammonia, trace elements or reducing agents 
(thiosulfate and cysteine) (data not shown). The transition from exponential to linear growth and 
vice versa, however, could be manipulated by intermediate changes in the hydrogen-gassing 
regime (gassing rate, gassing rate to culture volume ratio, impeller speed), as well as by altering 
medium pH. Interestingly, the shift could also be induced artificially by adding uncoupler (Fig. 
4). The addition of a small amount of TCS (2.8 nmol.mg-1 DW of cells) to exponentially growing
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Fig. 3. Relationship between the specific rates of methanogenesis and specific growth rates during the 
lag (A), linear (B) and exponential growth phases. M. thermoautotrophicus was cultured in 2.5 l (A) and
1.5 l (B) of mineral medium at a constant gassing rate of 428 ml.min1 of 80% H2:20% c02 (v/v). 
Measurements started 5 h (A) and 8 h (B) after inoculation. In the inset of Fig. 3A the ln(0D60ö) is 
plotted versus the squared time after inoculation. The dashed line in Fig. 3B represents the theoretical 
relationship between the maintenance coefficient (mlin) and the specific growth rate (ziin) during the linear 
phase which is expressed as mlin = ( 1 / 1 c h4- 1 / Y ch4 max)z lin (see Text); AqcH4, difference between the 
maximal and minimal specific methane-forming activities during the exponential phase. Symbols: lag X), 
exponential (V) and linear (0) growth stages.
cells caused the immediate shift to linear growth. Moreover, the addition stimulated methane 
formation and hydrogen consumption, and, as the result of the latter, the decrease in pH2. The 
stimulation of the respiratory (methanogenic) activity is a typical effect of uncouplers (Blaut and 
Gottschalk, 1985). A second pulse with TCS in a higher amount (11.4 nmol.mg-1 DW of cells) 
provoked a further decline in growth. Again, cells kept on growing linearly, albeit at reduced 
growth rates. The addition of excess TCS (120 nmol.mg-1 DW of cells) completely arrested 
growth. Now, methanogenesis and hydrogen utilization were also inhibited and the progressive 
decline in hydrogen uptake was accompanied by a concomitant increase in the dissolved 
hydrogen partial pressure (Fig. 4). In the experiments, TCS was added as a methanolic solution. 
Addition of methanol alone, however, had no effect, indicating that the observations could be 
attributed to the uncoupler.
6.3 .4  Specific methane-forming activities and hydrogen affinities
During the linear stage, methane production and hydrogen consumption rates, and dissolved H 2 
concentrations remained constant. While biomass grew, specific methane-forming activities 
decreased according to equation 5. cells must have adapted their methanogenic machinery in a 
particular way. If one assumes the specific rate of methane formation (qcH4) to be related to the 
maximal methane-forming activity of the cells (8ch4 max) and the dissolved hydrogen partial 
pressure (pH2) according to simple saturation (Michaelis-Menten-type) kinetics [equation 7], the
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methanogenic apparatus has to be adapted such that pH2 remains constant. The decline in qcH4 in 
the course of the linear phase should be the result of a lowering of either 8ch4 max,
p*
qcH4 = 8cH4max ‘ ~¡p [7]
4 4 - m*2 + p*2
the affinity for hydrogen (Km h2), or both. In order to decide between the alternatives, M.
thermoautotrophicus was cultured at a high gassing rate (Fig. 5A). In agreement with previous 
results, exponential growth was followed by an extended period in which optical density 
increased linearly in time. During the latter period, the hydrogen uptake rate (110 ml.min-1) and 
pH2, being as high as 0.59 Bar, remained constant, whereas qcH4 decreased. At different time
points, cells were withdrawn from the fermentor and cell suspensions were incubated under high 
(80%) and low (8%) hydrogen partial pressures. As can be seen from Fig. 5B, specific activities 
of cell suspensions incubated under 80% H 2 decreased in time showing that the cells reduced 
their 8ch4 max in the course of the linear growth. In addition, hydrogen affinity was changed, but 
in another way than anticipated. If the ratio of the specific activities during incubation under 
80% and 8% hydrogen is taken as a measure of the apparent Km h2, hydrogen affinity increased
in time. At the early time points the ratios were ~3, suggesting that Km h2 values should be
considerably higher than 8% (Fig. 5B). At the later time points, the ratios became only slightly 
higher than 1. Here, Km h2 values must have been significantly less than 8%.
6.4 DISCUSSION
In the study described here, M. thermoautotrophicus was cultured in a fed-batch fermentor 
under different gassing regimes (gassing rates, gassing to culture volume ratios, mixing 
intensities) with 80% H2 and 20% c02. It was found that the organism grew in a distinct order 
that schematically can be represented by qcH4 versus z  diagrams (Figs. 1c, 2c, 3). After
inoculation, specific growth rates and specific methane-forming activities increased in a direct 
proportional way to reach a maximal z  during the exponential phase. During this phase, qcH4 
first increased and subsequently decreased to some minimum. Hereafter, growth shifted to a 
phase, which was characterized by a constant increase in biomass, fixed hydrogen consumption 
and methane production rates, as well as fixed growth yields and dissolved hydrogen pressures. 
The values were not constants per se, but depended on the H 2-gassing regime applied. Lower 
gassing intensity resulted in lower dissolved hydrogen partial pressures, while specific growth 
yields became higher (Table 1). This indicates that methane formation and growth became more 
tightly coupled at reduced hydrogen availability, as has also been observed by other authors 
(Fardeau and Belaich, 1986; Fardeau et al., 1987; Morgan et al., 1997; Pennings et al., 2000; 
Schönheit et al., 1980; Seely and Fahrney, 1984; Tsao et al., 1994). During the linear growth 
phase, z  and qcH4 decreased in a direct proportional manner. The changes in the specific
methane-forming activities during the exponential phase were related to two distinct Ych4 max 
values of 3.1 g DW.mol-1 and 6.7 g.mol-1, respectively. The former applied, when growth took 
place at low hydrogen gassing. Quite comparable values (3 to 3.5 g DW.mol-1 of methane) have
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F i g .  4 . Effect of T c S  on the growth of M. thermoautotrophicus. The organism was cultured as described 
in the Materials and Methods section in 2.5 l of mineral medium at a constant gassing rate of 428 
ml.min-1 with 80% H2:2 0 % c02 (v/v), and the optical density at 600 nm (X), hydrogen uptake rate (V h 2, 
ml.min-1) (□), and dissolved hydrogen partial pressure (oh2) (O) were monitored. Measurements started 
(t= 0) 8 h after inoculation. At the times indicated by the arrows, 2.8, 11.4 and 120 nmoles of TcS per 
mg DW of cells were added, respectively.
been documented before for M. thermoautotrophicus and other methanogens, during growth 
under H 2-limited conditions (Fardeau and Belaich, 1986; Fardeau et al., 1987; Schönheit et 
al., 1980; Tsao et al., 1994). At hydrogen partial pressures of 0.01 Bar, M. 
thermoautotrophicus displayed specific growth yields that were close to the theoretical maximum 
(Table 1). The Ych4 max = 6.7 g DW.mol-1 of methane, which was adopted during growth above
pH2> 0 .12  Bar, has as yet not been reported for M. thermoautotrophicus, although a similar
value has been determined for H2/c02- and formate-utilizing Methanobacterium formicicum 
(chua and Robinson, 1983).
0ur findings may have some implications for the interpretation of studies by others. 
Firstly, steady state growth in a chemostat at a given dilution rate may reflect two different 
modes or -stages of growth that mathematically are expressed by the Pirt equations [4] and [5] 
and by the equation [6], respectively. continuous culture experiments performed with 
Methanococcus jannaschii under varied hydrogen gassing rates indicated that the relations 
between z  and qcH4 were most properly described by the linear equation [5] (Tsao et al., 1994).
This simple relation did not hold for other studies done with M. thermoautotrophicus and other 
methanogens (Fardeau and Belaich, 1986; Fardeau et al., 1987; Peillex et al., 1988). 
Inspection of the graphs presented by the different authors actually shows them to be composed 
of mixed curves that, depending on the growth condition (gassing and dilution rates), in part 
obey the Pirt equations, whereas the equation [6] clearly relates to other parts. The 
interpretation should be made with some caution, since growth was followed under controlled 
gassing rates, rather than under defined hydrogen partial pressures. continuous culture 
experiments at defined pH2 values were only conducted by the group of Von Stockar (Liu et al., 
1999; Schill et al., 1996). Again, two different types of z-qc*4 diagrams seem to apply, 
corresponding to the linear Pirt equation and showing a Ych4 max = 3.0 g.mol-1 cH4, if growth was
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followed under nutrient (iron) limitation (Liu et a l., 1999). With sufficient nutrients, a direct 
proportional relationship between z  and qcH4 is observed, characteristic of equation [6] for linear 
growth. 0ne may note that under these conditions the slope of the qcH4 versus z  plot rather 
represents the reciprocal of Ych4 than of Ych4 max. Recent chemostat studies in our lab (this thesis,
chapter 7) in which M. thermoautotrophicus was cultured under steady state at different dilution 
rates and under defined hydrogen partial pressures, confirmed that the relationship between 
growth and methanogenesis could be described by either the Pirt equations [4] and [5] or by 
[6]. Which of both applied, depended on the gassing regime, dilution rate and medium pH. 
These experiments also confirmed the existence of the two distinct Ych4 max values suggested 
above for growth under low and high (> 15% ) hydrogen.
In our studies we discerned three growth stages, a lag period, exponential growth and 
the linear growth phase. The question remains open, whether the latter stage represents a growth 
phase by itself, viz. a growth mode, which is characterized, for instance, by the expression of 
specific genes. In this respect, the differential expression in M. thermoautotrophicus of the mrt 
operon and the hm d  gene coding for methylcoenzyme M reductase (McR) isoenzyme II and H2- 
forming methylene-H4MPT dehydrogenase (MDH), respectively, and of the mcr operon and the 
mdh  gene are of interest. The latter two encode McR I and coenzyme F420-dependent MDH, 
respectively. Fed-batch experiments performed by Morgan et al. (1997) demonstrated that mrt 
and hm d  were expressed during exponential growth, whilst mcr and mdh  transcripts were 
observed, when the growth rate declined and the rate of methanogenesis became constant, 
which is typical for linear growth. It remains to be verified, however, if the differential 
expression of the above and other methane genes (Nölling et a l., 1995a,b; Pennings et al., 
2000; Reeve et a l., 1997; Vermeij et a l., 1997) is connected to hydrogen deprivation, as has 
often been assumed, or to the shift in growth phases. Unfortunately, hydrogen partial pressures 
were not measured in the expression studies. We observed the apparent decrease in maximal 
specific methane-forming activities (8ch4 max) and the increase in hydrogen affinity (Km h2) in the
course of the linear growth phase (Fig. 5). considering that methylcoenzyme M reductases 
catalyze the rate-limiting step in methanogenesis (Thauer, 1998) and that McR I is catalytically 
less active than McR II (Bonacker et a l., 1993), the decrease in 8ch4 max would be consistent
with the shift in McR I versus M cR II synthesis. Similarly, the preferential expression of the 
high-hydrogen-affinity system composed of F420-MDH (te Brömmelstroet et a l., 1991) and F420- 
reducing hydrogenase (Livingston et a l., 1987) as opposed to the low-affinity H2-MDH (Zirngibl 
et a l., 1992) might explain the increase in Km h2.
During the growth cycle, specific methane-forming activities and specific growth rates 
-except for the exponential stage- changed continuously. In order to establish the observed 
relationship between methane formation and growth, specific maintenance coefficients should 
have been subject to permanent changes as well. In addition, maintenance coefficients had to be 
high at high hydrogen concentrations, resulting in a large degree of uncoupling of 
methanogenesis and growth. How cells control the ‘maintenance’ changes, is unclear. The 
mechanistic meaning of the maintenance coefficient concept is not very clear either being often 
simply defined as ‘any diversion of energy from growth to non-growth reactions’ (Russell and 
cook, 1995). A theoretical analysis of the process of methane formation suggests that the 
determining factors in ‘maintenance’ are likely to be proton-leakage or proton-slip reactions (this 
thesis, chapter 7). The effect of the uncoupler TCS on the growth behavior (Fig. 4) supports the 
view. Furthermore, TCS induced the immediate shift from exponential to linear growth
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Fig. 5. Specific methane-forming activities of growing cells and cell suspensions. M. thermoautotrophicus 
was cultured in 1.5 l of mineral medium at a constant gassing rate of 428 ml.min1 with 80% H2:20% 
c02 (v/v). In Fig. 3A the 0Dò00 (X) and specific methane-forming activities (V) of the culture are plotted. 
The time point t= 0  refers to the start of the measurements, which was 8 h after inoculation of the 
fermentor. (B) At the times indicated, cells were anoxically withdrawn from the fermentor and incubated 
in triplicate under 80% H2 :2 0 % c 0 2  (v/v) (gray bars) or under 8% H2:2 0 % c02:72% N2 (v/v) (white 
bars).
indicating that the shift might be triggered by changes in the chemiosmotic status (internal pH, 
proton-motive force) of the cells.
In conclusion, M. thermoautotrophicus cultured in a fed-batch fermentor couples growth 
and methane formation in a well-defined fashion. After inoculation, cells start growing with 
specific growth rates and specific methane-forming activities that increase linearly in time while 
keeping the growth yield constant. Following the exponential phase, z  and qcH4 decrease in a 
direct proportional way, such that Ych4, again, remains constant. Specific and theoretical
maximal growth yields depend on the hydrogen partial pressure at which growth proceeds, the 
former becoming higher at decreasing pH2. At low pH2, Ych4 and Ych4 max are equal, indicating that
growth and methanogenesis become fully coupled.
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ß, coupling coefficient (mol cH4.g DW-1.h-1); DW, dry weight; z , specific growth rate (h-1); m, 
maintenance coefficient (mol cH4.g DW-1.h-1); pH2, dissolved hydrogen partial pressure; sœ 4, 
specific rate of methane formation (mol cH4.g DW-1.h-1); gacetate, specific rate of acetyl-coA 
synthesis (mol.g DW-1.h-1); 1, specific rate of H + slipping/leakage (mol.g DW-1.h-1); Fch4, specific 
growth yield (g DW.mol-1 of methane); Ych4 max, maximal growth yield (g DW.mol-1 of methane).
A bbrevia tions used:
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ABSTRACT
Most methanogenic species are able to ga in  their energy fo r  autotrophic growth from  the hydrogen- 
dependent reduction o f  CO2. Despite the fa c t that the pathw ays o f  methane form ation and cell 
carbon fixa tion  are highly conserved, different species display remarkable differences in (maximal) 
growth yields. Moreover, specific growth yields vary w ith growth conditions applied and are 
particularly dependent on hydrogen concentrations at which growth is performed. On the basis o f  
the present knowledge o f  the biochemistry and bioenergetics o f  the processes, m athem atical 
expressions were derived in this paper that relate methanogenesis to growth. Theoretical m axim al 
growth yields well agreed experimental values from  literature. Furthermore, theoretical relationships 
were fu lly  supported by growth studies at which  Methanothermobacter thermoautotrophicus 
(formerly Methanobacterium thermoautotrophicum strain AH) was cultured in a  chemostat at 
defined hydrogen partia l pressures. In at least two respects, the concentration o f  the energy source, 
hydrogen, is a  critical fac tor in the coupling between methane form ation and growth: (1) it effects 
the m axim al growth yield, and (2) it effects either ‘maintenance requirements ’, or more likely, the 
degree o f  proton-leakage/slippage processes.
7 .1  INTRODUCTION
Most methanogenic archaea derive their energy for autotrophic growth from the conversion of 
c02 to methane with H 2 as the energy source. The pathway of methane formation is presently 
well established (Fig. 1) (see for recent reviews: Deppenmeier et a l., 1996, 1999; Ferry, 1999; 
Thauer, 1998). The reduction of c02 to methane takes place in a series of reactions at which 
the one-carbon unit remains bound to a number of one-carbon carriers. Some reactions are 
connected with ion (H+, Na+) transport processes across the cell membrane. The first reaction (1 
in Fig. 1) in methanogenesis, the synthesis of formyl-methanofuran, is endergonic and is driven 
by the import of sodium ions (Kaesler and Schönheit, 1989b; Thauer, 1998). In a later step (7), 
the methyl group bound to 5,6,7,8-tetrahydromethanopterin is transferred to coenzyme M (HS- 
coM, 2-mercaptoethane sulfonate) to produce methyl-coenzyme M (cH3-S-coM) (reaction 7). 
The energy from this exergonic reaction is conserved by pumping sodium ions out of the cell 
(Gottschalk and Thauer, 2001; Kaesler and Schönheit, 1989a; Lienard et a l., 1996). In the 
final reaction (8), methyl-coenzyme M is reduced with 7-mercaptoheptanoylthreonine phosphate 
(HS-coB) to form methane and the mixed disulfide (coM-S-S-coB) of HS-coM and HS-coB. 
The latter two compounds are regenerated by the reduction with hydrogen and this exergonic 
process is coupled to proton export (step 9) (Deppenmeier et a l., 1996, 1999; Schäfer et al., 
1999). Proton and sodium fluxes equilibrate by the action of a Na+-H+ antiporter (Müller et al., 
1990; Schönheit and Beimborn, 1985). The net result of the ion movements is an export of 
protons. Proton export generates a proton-motive force required for ATP synthesis 
(Deppenmeier et a l., 1996, 1999; Schäfer et a l., 1999). ATP is utilized for autotrophic c02 
fixation, which starts with the synthesis of acetyl-coA (step 10).
The pathways of methane formation and c02 fixation and the mechanism of ATP 
synthesis are highly conserved among the different species of hydrogenotrophic (H2-utilizing) 
methanogens. Despite the common biochemical basis, different species display quite diverse
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specific growth yields (Fch4), and even maximal growth yields (Fch4 max) seem to vary (Table 1). 
Furthermore, specific growth yields, expressed as the amount of biomass formed per methane 
produced, are variable for a given species. Many authors observed that Ych4 was relatively low,
when growth proceeded under hydrogen excess and that the yield was increased under 
hydrogen limitation (Fardeau and Belaich, 1986; Fardeau et a l., 1987; Liu et a l., 1999; 
Morgan et a l., 1997; Peillex et a l., 1988; Pennings et a l., 2000; Schill et a l., 1996; Schill and 
Von Stockar, 1995; Schönheit et a l., 1980; Tsao et a l., 1994; Vermeij et a l., 1997). Although 
the physiological rationale is not understood, the degree of coupling between methanogenesis 
and growth apparently depends on the hydrogen concentration. The aims of the present paper 
were (1) to find the theoretical explanation for the apparent differences in Ych4 max values, (2) to
derive mathematical relationships between methanogenesis and growth, and (3) to test the 
theoretical relationships in growth studies at which M ethanothermobacter thermoautotrophicus 
was cultured in a chemostat at defined hydrogen concentrations.
T able 1 . Specific (Fch4) and maximal growth yields (Fch4 max) of methanogenic archaea growing 
on hydrogen and CO2 . Abbreviations: Mb, Methanobacterium; Mbb, Methanobrevibacter; Mc, 
Methanococcus; Ms, Methanosarcina; Mtb, Methanothermobacter; Mtc, Methanothermococcus.
Organism ;cH4 FcH4 max References
g DW.mol CH4 1
Mtb marburgensis 1.6-3.0 Schönheit et a l., 1980
Mtb thermoautotrophicus 0.6-1.6 Taylor and Pirt, 1977
3.05; 1.77a Liu et a l., 1999; Schill et a l., 1996
3.1; 6.7 this thesis, Chapter 6
Mc jannaschii 3.6-3.7 Tsao et a l., 1994
Mtc thermolithotrophicus 3.33 Fardeau and Belaich, 1986
Mb bryantii M.o.H. 2.48 Roberton and Wolfe, 1970
Mb form icicum 3.5 b.06. Schauer and Ferry, 1980;
Chua and Robinson, 1983
Mbb arboriphilicus 2.68 Zehnder and Wuhrmann, 1977
Ms barkeri 6.37 Weimer and Zeikus, 1978
M ethanosarcina strain 227 8.7 Smith and Mah, 1978
a calculated from data presented by the authors for growth under iron and hydrogen limitation, 
respectively; b growth on formate.
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7 .2  TH EO RY AND EX PERIM ENTAL PRO CED URES
7 .2 .1  T heory
As outlined in the Introduction, the process of methanogenesis is connected with ion movements 
(Na+ and H +) across the cell membrane that result in a net export of protons generating a 
proton-motive force (Fig.1). The proton-motive force drives ATP synthesis by the archaeal A1A0 
ATP synthetase (Schäfer et a l., 1999). The reaction is associated with the import of a certain 
number of e protons per ATP formed. ATP is subsequently used for biosynthetic purposes. 
Hereafter, mathematical expressions will be derived that describe the relationship between 
biomass formation, methanogenesis and growth.
7.2.1.1 Biomass form ation
Autotrophic cell carbon synthesis starts from acetyl-CoA, which is formed by the condensation of 
the methyl group bound to 5,6,7,8-tetrahydromethanopterin (H4MPT), a carbonyl group derived 
from CO2 reduction and coenzyme A (HS-CoA):
CH3-H4MPT + H2 + CO2 + HS-CoA o  acetyl-CoA + H4MPT + H2O [1]
Reduction of CO2 to the carbonyl (CO) is an endergonic reaction that most likely has to be 
driven by the import of (d) protons (or sodium ions) (step 10 in Fig. 1). In agreement herewith, 
it was found in M ethanosarcina barkeri that the reverse reaction, the oxidation of CO, is 
connected with proton export and proton-motive force generation (Bott et a l., 1986; Bott and 
Thauer, 1989). Using an average molar composition CH1.68O0.39N0.24 (MW 23.28 g) for 
methanogenic cells, as has been determined for M. thermoautotrophicus (Schill et a l., 1996), 
biomass formation from acetyl-CoA can be represented by the following overall reaction:
Acetyl-CoA + 0.48 NH3 o  2 CH1.68O0.39N0.24 + HS-CoA + 0.32 H2 + 0.22 H2O [2]
Note that 2 moles of cells (46.56 g dry weight, DW) are formed from 1 mole of acetyl-CoA. 
Previously, it was calculated by us that 1 mole of ATP enables methanogens to synthesize 
maximally 19.1 g of dry cells (Vogels et a l., 1988). Consequently, the above reaction [2] 
requires the input of 2.44 moles of ATP (z = 2.44 in Fig. 1).
7 .2 .1 .2  Ion fluxes, methanogenesis and growth
We now define gcH4 and gacetate as the specific rates (mol.g DW-1.h-1) of methane formation and 
acetyl-CoA synthesis, respectively. Apart from ion movements associated with methane and 
biomass formation, cells have to deal with an H+ influx as the result of slippage and leakage 
processes, which will be quantified as 0, i.e. the specific rate of H+ slips (mol.g DW-1.h-1). At 
steady state, the rate of ion export out of the cells will equal the rate of ion import. From the 
above definitions and from Fig. 1 it is inferred that:
(& + c).gcH4 = a . ( qm 4 + a^cetate) + d.gacetate + 2.44.e.gacetate + 0  [3]
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Fig. 1  Processes of methane formation and cell carbon synthesis in Ha-utilizing methanogenic archaea. 
The methanogenic cell is symbolized by the rounded square. Reactions that are coupled to the import or 
export of ions (H+, Na+) are indicated by inwardly- and outwardly-directed arrows; bold characters 
represent the number of ions that is involved in the respective reactions. Abbreviations of methanogenic 
coenzymes: MFR, methanofuran; H4MPT, 5,6,7,8-tetrahydromethanopterin; F420, coenzyme F420; H-S- 
CoM, coenzyme M, 2-mercaptoethanesulfonate; CH3-S-CoM, methyl-coenzyme M, 2- 
methylthioethanesulfonate; H-S-CoB, coenzyme B, 7-mercaptoheptanoylthreonine phosphate; CoM-S-S- 
CoB, heterodisulfide of coenzyme M and coenzyme B. Other abbreviations: gcH4, specific rate of methane 
formation; gacetate, specific rate of acetyl-CoA synthesis; 0, specific rate of H+ slipping/leakage.
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The left-hand and right-hand terms of the equation represent the specific rates of ion export and 
ion import, respectively; bold italic characters denominate ion translocation stoichiometries 
connected with the various reactions (Fig. 1). By rearrangement of eqn. [3], the specific rate of 
acetyl-CoA synthesis is calculated (equation 4). Multiplication by the amount of cells (DW) 
formed from 1 mole of acetyl-CoA then gives the specific growth rate (z, h-1) (equation 5).
S _  b +  °  a  Sch4 --------- , 0n ^  (mol.g DW-1.h-1) [4]a + d + 2 .4 4  e 4 a + d + 2 .4 4  e
p  = 4 6 .5 6 --------------------qCH — 4 5 .5 6 --------- 0--------- (h 1) [5]
a+  d + 2 .4 4  e 4 a+  d + 2 .4 4  e
After rearrangement of [5], application of the general relationship q = (1/Y)z between the specific 
rate of end product formation, specific growth yield (Y) and specific growth rate (Russell and 
Cook, 1995), and by appropriate substitutions, two simple and equivalent expressions are 
obtained that interrelate methanogenesis and growth:
qcH4 = (1/Ych4 max) z  + ß (mol CH4.g DW-1.h-1) [6]
1 /Ych4 = 1 /Ych4 max + ß /z (mol CH4.g DW-1) [7]
In the expressions, Ych4 max represents the theoretical maximal growth yield, which would be 
found if methanogenesis and growth are fully coupled (0=0):
Yc„,m,x = 4 5 .5 6  b+ E—a (g DW.mol CH.-1) [8]
4 a + d + 2 .4 4  e
ß is defined as the coupling coefficient and it expresses the ratio between the specific rate of H+ 
slips (0) and the net number of ions that are translocated out of the cells per CH4 formed:
ß = 0 /(b + c -  a) (mol C H .g  DW-1.h-1) [9]
Interestingly, equations [6] and [7] highly resemble the well-known Herbert/Pirt [10] and Pirt 
[11] relations that have been experimentally found for many microorganisms, including 
methanogens (Pirt, 1965; Russel and Cook, 1995; Tempest and Neijssel, 1978; Tsao et al., 
1994):
q = (1/Ymax ) z +  m (mol.g DW-1.h-1) [10]
1/Y = 1/Ymax + m /z (mol.g DW-1) [11]
In equations [10] and [11], m is the so-called specific maintenance coefficient, which equals our 
coupling coefficient.
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7 .2 .1 .3  Linear growth
In our fed-batch fermentor studies it was found that, after a period of exponential growth, 
cellular densities increased linearly in time for prolonged periods (this thesis, Chapter 6). 
Typically, the rates of hydrogen consumption and methane formation, as well as dissolved 
hydrogen partial pressure in the medium (pH2), remained constant during the linear growth
phase. It was also established that in the course of this phase, specific growth rates and specific 
rates of methanogenesis decreased in a direct proportional way, such that the specific growth 
yield was kept at a fixed value (Ych4 lin):
qcH4 = (1/Ych4 lin) z  (mol CH4.g DW-1.h-1) [12]
In the experiments described here, M. thermoautotrophicus was cultured in a chemostat at 
defined growth rates (dilution rates) and under defined dissolved hydrogen partial pressures. It 
cannot be ruled out a priori that steady state cultures were present as a linear phase. This would 
become clear from qcH4 versus z  plots passing through the origin.
7 .2 .2  E xperim ental
7.2 .2 .1  Chemostat culturing o f  Methanothermobacter thermoautotrophicus
M. thermoautotrophicus (formerly: M ethanobacterium thermoautotrophicum  strain AH; DSM 
1053) was grown in a 3.0-l fermentor (MBR) operated as a chemostat with a culturing volume of
1.1 l. The fermentor was equipped with probes for the on-line measurement of pH (Ingold, 
Maarssenbroek, The Netherlands), pH2 (see below) and temperature. The medium contained the 
following constituents (g.l-1): KH2PO4 (6.8), NaHCO3 (9.0), NH.Cl (2.1), trace elements stock 
solution (0.1%; v/v) (Schönheit et a l., 1979), sodium resazurin (0.1 mg.l-1), and cysteine.HCl 
(0.6) and Na2S2O3 (0.5) as reducing agents. Growth was performed at 650C and pH 7.0 ± 0.3. 
Cultures were gassed with 80% H2/20% CO2 (v/v) at a stirring speed of 1500 rpm. Dilution 
rates were between 0.04 and 0.225 h-1. Gassing rates, which varied between 100 and 450 
ml.min-1, were adjusted such that the dissolved hydrogen partial pressure under steady state was 
maintained at a desired value. A steady state is defined as the condition at which the optical 
density at 600 nm (ODóöö) of the culture, the dissolved hydrogen partial pressure, the rates of 
hydrogen consumption and methane formation and medium pH had become constant at a given 
gassing and dilution rate. Data presented in the Figures were calculated from triplicate 
measurements that were performed three to four culture-volume changes after the establishment 
of a particular steady state.
7 .2 .2 .2  Chemostat analyses
Dissolved hydrogen partial pressures were recorded with an amperometric Ag2O/Ag probe 
(Schill et a l., 1996; this thesis Chapter 6) prepared from a Clark-type oxygen electrode (Broadly 
Technologies Corp., Irvine, CAL, USA). Fermentor outflow gas rates were measured with a soap 
film meter. Hydrogen consumption rates were calculated from the difference between the inflow 
and outflow rates of the gasses. The relationship follows from the overall methane-forming 
reaction (4 H2 + CO2 o  CH4 + 2 H2O). To determine the methane content of the outflow gas,
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a 1-ml gas sample was added to 1 ml of ethane kept in a closed serum bottle. Hereafter, 0.1 ml- 
amounts of the gas mixture were analyzed on a HP 5890 gas chromatograph equipped with a 
Poropack Q column and a flame ionization detector. Methane production rates (mol.h-1) were 
calculated from the outflow gas rates and the specific methane contents. Dry weights (g) were 
calculated from the OD600 values. Previous studies established the linear relationship between 
the OD600 and the dry weight content at which 1 liter of culture showing an OD600 of 1 equaled 
0.425 g DW of cells. Specific rates of methane formation (qcH4, mol.h-1.g-1 of DW) followed from 
the methane production rates and cellular dry weight content of the fermentor.
7 .2 .3  Chem icals
Gasses were supplied by Hoek-Loos (Schiedam, the Netherlands). To remove traces of oxygen, 
hydrogen-containing gasses were passed over a BASF RO-20 catalyst at room temperature; 
nitrogen-containing gasses were passed over a pre-reduced R3-11 catalyst at 1500C. All other 
chemicals were of the highest grade available.
7 .3  RESULTS AND DISCUSSION
7 .3 .1  M axim al grow th yields o f  H 2 -utilizing m ethanogen ic  a rchaea
Most methanogenic species are able to gain their energy for growth from the H2-dependent 
reduction of CO2 . Although the pathways of methane formation and cell carbon fixation are 
common, the various species display significant differences in specific growth yields (Table 1). 
Specific growth yields (Ych4), however, generally represent only a part of the theoretical maximal 
values (Ych4 max) and the values are variable, depending on the growth conditions applied. Ych4 max 
can be determined in chemostat experiments at which an organism is cultured under steady 
state conditions at varied dilution rates. Also this type of studies showed that methanogens could 
take different Ych4 max values, which seem to be species-related (Table 1). Yet, notable 
differences have been reported for a same species. In this work, we sought for a theoretical 
explanation for the apparent differences.
On the basis of the present knowledge of the biochemistry of the process of 
methanogenesis, a formula was derived (equation 8), which states that Ych4 max primarily depends 
on the ion-translocation stoichiometries of membrane-bound steps involved in methane 
formation, ATP synthesis and cell-carbon synthesis (Fig. 1). The methanogenic pathway is 
connected with two ion-export reactions, notably the methyl-H4MPT:HS-CoM methyltransfer 
reaction (step 7 in Fig. 1) and the H 2-dependent reduction of CoM-S-S-CoB (step 9). 
Experiments in which the enzyme system from Methanosarcina m azei was incorporated in 
membrane vesicles demonstrated that the methyltransferase reaction was connected with Na+ 
export showing a translocation stoichiometry of close to two (b = 2) (Lienard et a l., 1996). 
Detailed studies with the same organism established CoM-S-S-CoB reduction to be associated 
with proton export and a translocation stoichiometry of four has been proposed ( c  = 4). Our work 
with M. thermoautotrophicus indicated that proton numbers could be variable (this thesis, 
Chapter 5). In cells that had been grown at pH2< 0 .1 2  Bar, the number was three, whilst a 
number of four applied to cells cultured above that concentration. The methyltransfer and
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D (h'1)
Fig. 2. Relationship between specific rate of methane formation Sch4) and dilution rate (D) of 
exponential-phase-type cultures of M. thermoautotrophicus. The organism was cultured under steady state 
conditions in a chemostat as described in the Experimental Section at the indicated dilution rates and at 
the following dissolved hydrogen partial pressures (Bar): 0.01 (X), 0.05 (H), 0.15 (A) and 0.25 (O).
heterodisulfide reductase reactions are exergonic, but the first step in methanogenesis, the 
synthesis of formyl-methanofuran, is an endergonic one. In M ethanosarcina barkeri and 
Methanothermobacter marburgensis the reaction is driven by the import of sodium ions (Kaesler 
and Schönheit, 1989b). The authors estimated a Na+ translocation stoichiometry a  = 2-3 for M. 
barkeri. In case of M. marburgensis, the number could be somewhat higher (a = 3-4). Our own 
study with M. thermoautotrophicus favors a number of four (a = 4) (this thesis, Chapter 5). ATP 
synthesis is catalyzed by the H+-dependent A1A0 ATP synthetase (Schäfer et a l., 1999). As yet, 
the number of protons that are translocated per ATP formed has not been established, but it 
most likely will equal the one of bacterial F 1F0 ATP synthetases. Although the latter is still a 
matter of some debate, maximal growth yields measured for a broad variety of micro-organisms 
suggest a value of about three (e = 3).
The first step in cell carbon fixation, acetyl-CoA synthesis, involves the endergonic 
reduction of CO2 to CO (AG0’= + 19.9 kj.mol-1), which is driven by H+ (or Na+) import (Bott et 
al., 1986; Bott and Thauer, 1989). Again, the ion-translocation stoichiometry has not been 
established experimentally, but it seems fair to assume that the number will approximate the one 
of formylmethanofuran synthesis (AG0’= + 16.5 kj.mol-1) (d=2-4). When the above numbers 
are substituted into equation [8], an Ych4 max = 3.05-3.50 g dry weight per mole of methane 
formed is estimated for M. thermoautotrophicus cultured at pH2< 0 .1 2  Bar (c = 4, b = 2, c = 3, 
d = 2 -4 , e = 3). The Ych4 max = 3.1 g DW.mol CH4-1 determined by us for the organism growing at 
low pH2 is in the exact range of the theoretical values (this thesis, Chapter 6). One may note from 
Table 1 that a Ych4 max = 3.05-3.50 g DW.mol CH4-1 has been experimentally measured for other
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obligatory hydrogenotrophic methanogens as well. M. thermoautotrophicus growing at pH2> 0 .1 2  
Bar adopts a H+-translocation stoichiometry c  = 4 for heterodisulfide reduction (this thesis, 
Chapter 5). Substitution of this value into equation [8] predicts a Ych4 max = 6.10-7.00 g DW.mol 
CH4-1. Fed-batch fermentor studies indicated a Ych4 max = 6.7 g DW.mol CH4-1, which is again
within the theoretically calculated range. The finding that the maximal growth yield of M. 
thermoautotrophicus at pH2> 0 .1 2  Bar is more than two-fold higher than at low pH2 could be the
result of a lowering of the ion-translocation stoichiometry in acetyl-CoA synthesis during growth 
at high hydrogen concentrations. Interestingly, an Ych4 m ax'6 g DW.mol CH4-1 has also been
measured for the H2/CO2 and formate-utilizing M ethanobacterium form icicum  (Chua and 
Robinson, 1983). Maximal growth yields have as yet not been determined for Methanosarcina 
species. Specific growth yields listed in Table 1, however, suggest that Ych4 max could be well
above 7-9 g DW.mol CH4-1. Such high values are -indeed- expected, considering a Na+ 
translocation stoichiometry (a) of only 2-3 in formyl-methanofuran synthesis for this type of 
methanogens.
7 .3 .2  C oupling o f  m eth an ogen esis and growth in continuous cultures o f  M. 
thermoautotrophicus
In the Theory Section, mathematical expressions were derived (eqns. [6] and [7]) which predict 
specific growth rates, specific growth yields and specific rates of methanogenesis to be 
interrelated by Herbert/Pirt-like equations ([10] and [11]). As discussed above, fed-batch 
fermentor and bioenergetic analyses suggested that M. thermoautotrophicus could take two 
distinct Ych4 max values, viz. 3.1 and 6.7 g DW.mol CH4-1, for growth below and above pH2 =0.12
Bar, respectively (this thesis, Chapters 5 and 6). The fed-batch experiments also showed the 
presence of different growth phases, including an exponential and linear phase. During the 
latter, specific rates of methanogenesis and specific growth rates were related in a direct 
proportional way (eqn. [12]).
In order to verify the theoretically predicted relationships between methanogenesis and 
growth and to substantiate our findings from fed-batch studies, we cultured M. 
thermoautotrophicus in a chemostat at controlled dilution rates and at defined dissolved 
hydrogen partial pressures. It was found that after the change of the dilution rate and/or 80% 
H2/20% CO2 gassing rate, the culture always ended up in one of two steady states described by 
Figures 2 and 3. Data shown in Fig. 2 are fully consistent with the coupling between qcH4 and z
according to the theoretical equation [6] and the Herbert/Pirt equation [10]. In the linear plots, 
slopes represent the reciprocal of Ych4 max. Two distinct slopes can be observed that correspond 
with maximal growth yields of 3.1 and 7.0 g DW.mol CH4-1 for growth at pH2 =0.01-0.05 Bar 
and pH2 =0.15-0.25 Bar, respectively. The results are in excellent agreement with our findings 
from fed-batch experiments. Chemostat steady states that obey equation [6] will be referred to as 
‘exponential cultures’. In contrast, data presented in Fig. 3 show the direct proportional relation 
between qcH4 and z , as is expected from linear-phase-type cultures. From the slope of the qcH4
versus z  plot, a fixed Ych4 = 1 .47  g DW.mol CH4-1 is derived, which is apparently independent of 
the dissolved hydrogen partial pressure at which growth was performed. Remarkably, linear-type
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cultures kept the medium pH at a slightly acidic value (pH 6.7-7.0), whereas exponential 
cultures maintained the pH at 7.0 to 7.3. Moreover, one type of culture could be shifted into the 
other, simply by adjusting the pH of the culture.
Different groups have studied the growth behavior of hydrogenotrophic methanogens 
using the chemostat technique and assuming methanogenesis and growth to be described by 
Pirt-like relations. Results were, however, often not very clear and, in a number of occasions, 
contradictory. At least part of the confusion can be understood from the present findings. 
Continuous culture experiments performed with Methanococcus jannaschii at varied hydrogen 
gassing rates demonstrated that the relations between qcH4 and z  were most properly described
by the Herbert/Pirt equation [10], yielding an Ych4 max = 3.6-3.7 g DW.mol CH4-1 (Tsao et al., 
1994). The simple linear relation did not hold for other studies done with M. 
thermoautotrophicus and other methanogens (Fardeau and Belaich, 1986; Fardeau et a l., 1987; 
Peillex et a l., 1988). Non-linear graphs, which have also been observed in chemostat studies 
with other microorganisms, were explained to result from z-dependent and z-independent 
specific maintenance coefficients (Fardeau and Belaich, 1986; Liu et a l., 1999; Neijssel and 
Tempest, 1976; Stouthamer and Bettenhausen, 1976). Inspection of graphs presented by 
different authors shows them actually to consist of mixed curves, partly agreeing the Pirt 
equations for exponential growth. In other segments, specific growth yields had become 
constant, i.e. independent of specific growth rates, as is expected for linear growth. Data by Von 
Stockar and coworkers (Liu et a l., 1999; Schill et a l., 1996), who cultured M. 
thermoautotrophicus in the chemostat at defined hydrogen partial pressures and a controlled 
medium pH of 6.5, show the direct proportional and pH2-independent relationship between qcH4
and z , which is also seen in our Fig. 3. Using the Herbert/Pirt equation [10], the authors 
calculated a maximal growth yield of 0.019 mole of cells per mole of hydrogen consumed, 
which equals a Ych4 max=1.77 g DW.mol CH4-1. It was also concluded that the specific
maintenance coefficient would be only very small. However, the slope of the qcH4 versus z  plot 
for linear-phase-type cultures (eqn. [12]) rather represents the reciprocal of a constant Ych4 than 
of Ych4 max. Moreover, no conclusion can be drawn with respect to the size of the specific 
maintenance coefficient (m), since the particular term is absent from the equation. This does not 
necessarily imply that m = 0 during linear growth. Substitution of eqn. [12] into the general eqn. 
[11], specifies m  = (1/Ych4 lin - 1/Fch4 max)z for linear growth. Thus, at the constant YcH.lin and
Ych4 max, the maintenance coefficient becomes linearly dependent on z , but the term can not be 
analyzed graphically.
In exponential-type cultures, the specific maintenance coefficient (m), which equals our 
coupling coefficient (E), increases with the dissolved hydrogen partial pressure (Fig. 3). 
Consequently, specific growth yields diminish at higher pH2. The phenomenon that
methanogenesis and growth become more and more uncoupled at increasing gassing rates has 
been observed by many authors (Fardeau and Belaich, 1986; Fardeau et a l., 1987; Liu et al., 
1999; Morgan et a l., 1997; Peillex et a l., 1988; Pennings et a l., 2000; Schill et a l., 1996; 
Schill and Von Stockar, 1995; Schönheit et a l., 1980; Tsao et a l., 1994; Vermeij et a l., 1997). 
Results presented here show the hydrogen concentration in the medium to be the determining 
factor. Yet, the question remains why maintenance requirements of the cells would be pH2-
dependent. In fact, the mechanistic meaning of the maintenance coefficient concept is not very 
clear either and it is often simply defined as ‘any diversion of energy from growth to non-growth
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D ( h '1)
Fig. 3. Relationship between specific rate of methane formation Sch4) and dilution rate (D) of linear- 
phase-type cultures of M. thermoautotrophicus. The organism was cultured under steady state conditions 
in a chemostat as described in the Experimental Section at the indicated dilution rates and at the 
following dissolved hydrogen partial pressures (Bar): 0.01 (X), 0.05 (Q), 0.15 (A) and 0.25 (O).
reactions’ (Russell and Cook, 1995). The latter view conforms our notion that proton-slipping or 
proton-leakage processes, which are included in the ß  term of eqns. [6], [7] and [9], play an 
essential role in the coupling between methanogenesis and growth. Indeed, theoretical analyses 
and mathematical modeling of the process of methane formation suggest that the specific rates of 
this type of processes have to increase with increasing pH2 (Keltjens and de Poorter, unpublished
results).
In conclusion, hydrogenotrophic methanogenic archaea display remarkable differences 
in specific and maximal growth yields. The differences are related with differences in ion­
translocation stoichiometries of membrane-bound reactions involved in the process of methane 
formation and cell carbon synthesis. The concentration of the energy source, hydrogen, is a 
critical factor in the coupling between methanogenesis and growth in at least two respects: (1) 
ion-translocation stoichiometries may be altered in response to pH2 changes and (2) the dissolved 
hydrogen partial pressure effects ‘maintenance’ requirements of the cells, or more likely, the 
degree of proton-leakage or proton-slippage processes.
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Abbreviations used:
Auh+ (given in mV), proton-motive force, transmembrane electrochemical potential of protons; 
ApH, transmembrane chemical gradient of H+; A \  (given in mV), membrane potential, 
transmembrane electrochemical electrical gradient; DiBAC.(3), bis-(1,3-dibutylbarbituric 
acid)trimethine oxonol; DW, dry weight; ODóöö, optical density at 600 nm; z , specific growth 
rate (h-1); pH2, dissolved hydrogen partial pressure; pHi , intracellular pH; pHo, extracellular 
(medium) pH; sch4, specific rate of methane formation (zmol.min-1.mg-1 of DW); TCS, 3 ,3 ’,4 ’,5- 
tetrachlorosalicylanilide; vin, vout, inflow, outflow gassing rates (ml.min-1); vh2, cellular hydrogen 
uptake rate (ml.min-1); vch4, methane production rate (ml.min-1, zmol.min-1); Fch4, specific 
growth yield (g DW.mol-1 of methane).
146
Growth phase-related changes in intracellular pH  and proton-motive force
ABSTRACT
Methanothermobacter thermoautotrophicus (formerly: Methanobacterium thermoautotrophicum 
strain AH) was cultured in a  fed-batch  fermentor under various gassing regimes w ith 80%  H2¡20%  
CO2 and at different m edium  p H  values. During growth, at least three different growth phases 
could be discerned, including a  lag, exponential and  linear phase. Cells were analyzed in the 
course o f  the growth cycle fo r  a  number o f  chemiosmotic parameters (intracellular pH, membrane 
potential, proton-motive force). It was fou n d  that the transition between subsequent growth phases 
were associated w ith marked, almost stepwise changes in the chemiosmotic status, in particular 
intracellular p H  and proton-motive force. Growth phase shifts could be induced artificially by the 
addition  o f  a  sm all amount o f  uncoupler, suggesting that shifts were triggered by chemiosmotic 
changes. The results o f  the study are discussed w ith respect to the bioenergetics o f  the process o f  
methanogenesis and the effect o f  the concentration changes o f  the energy source, hydrogen gas, that 
take p lace during growth.
8 .1  INTRODUCTION
Most methanogenic archaea derive the energy for growth from the reduction of CO2 to methane 
with molecular hydrogen as the electron donor. The process of methanogenesis is connected 
with the generation of a proton-motive force, which drives ATP synthesis (see for recent reviews: 
Deppenmeier et a l., 1996, 1999; Schäfer et a l., 1999; Thauer, 1998). ATP is utilized for 
autotrophic CO2 fixation. In natural habitats, methanogens thrive under conditions in which the 
concentration of the energy source, hydrogen, can vary greatly. At sites like anaerobic sediments 
and sewage digestors, where the organisms obtain the gas from obligate proton reducers, 
dissolved hydrogen partial pressures (pH2) are low (1-10 Pa) (Kramer and Conrad, 1993; Luo et
a l., 2002; Smolenski and Robinson, 1988; Zinder, 1993). However, when hydrogen is 
produced by fermentative processes, the gas is available in concentrations as high as 104-105 Pa 
(Zinder, 1993). In nature, methanogens do not only have to adapt to variations in hydrogen, but 
also to other environmental factors that affect their energy metabolism, like temperature and pH.
Temporal and spatial hydrogen changes are not only typical for natural situations, but 
occur also in the laboratory. During growth in a fed-batch fermentor at a constant supply of 
hydrogen and CO2, for instance, dissolved hydrogen partial pressures permanently vary in time 
as the result of increasing consumption rates of the growing biomass (this thesis, Chapter 6). At 
the physiological level, the organisms deal with these changes in a dynamic way by altering 
specific growth rates and specific rates of methane formation, as well as specific and maximal 
growth yields (Fardeau and Belaich, 1986; Liu et a l., 1999; Morgan et a l., 1997; Pennings et 
al., 2000; Schill et a l., 1996; Schönheit et a l., 1980; Vermeij et a l., 1997; this thesis, Chapters 
6 and 7). At the molecular level, the adaptation towards hydrogen changes includes the 
differential expression of enzymes involved in the methanogenic process (Bonacker et a l., 1992; 
Morgan et a l., 1997; Nölling et a l., 1995; Pennings et a l., 2000; Pihl et a l., 1994; Reeve et al., 
1997; Vermeij et a l., 1997). The differential expression, however, is not exclusively controlled 
by hydrogen, but also by pH and temperature (Bonacker et a l., 1992; Morgan et a l., 1997; 
Pennnings et a l., 2000; Vermeij et a l., 1997).
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In Chapter 6 of this thesis, we studied the growth behavior of Methanothermobacter 
thermoautotrophicus in a fed-batch fermentor under different hydrogen gassing regimes. It was 
found that the changes in physiological properties were reflected in a growth cycle, in which the 
organism proceeded through subsequent growth phases. The question arose, how the shift from 
one growth phase to another was triggered. Considering the concentration changes in the energy 
source, hydrogen, during growth, we anticipated that the shifts might be associated with changes 
in the chemiosmotic status (intracellular pH, membrane potential, proton-motive force) of the 
cells. Results described in this study indicated this to be the case. Furthermore, a growth phase 
shift could be induced artificially by the addition of a small amount of uncoupler, suggesting that 
the change in chemiosmotic properties, in fact, triggered the shift.
8 .2  MATERIALS AND METHODS
8 .2 .1  M aterials
Bis-(1,3-dibutylbarbituric acid)trimethine oxonol (DiBAC.(3)) was purchased from Molecular 
Probes (Eugene, OR, USA) and 3 ,3 ’,4’,5-tetrachlorosalicylanilide (TCS) was from Eastman 
Kodak (Rochester, NY, USA). All other chemicals were of the highest grade available. Gasses 
were supplied by Hoek-Loos (Schiedam, the Netherlands). To remove traces of oxygen, 
hydrogen-containing gasses were passed over a BASF RO-20 catalyst at room temperature; 
nitrogen-containing gasses were passed over a pre-reduced R3-11 catalyst at 1500C. The 
catalysts were a gift of BASF Aktiengesellschaft (Ludwigshafen, Germany).
8 .2 .2  Growth o f  M. thermoautotrophicus
Methanothermobacter thermoautotrophicus (formerly: Methanobacterium thermoautotrophicum  
strain AH ; DSM 1053) was cultured in 3.5-l (MBR) and 12-l (Chemap) fed-batch fermentors 
containing 2.5 and 10 liters of mineral medium, respectively. The fermentors were equipped 
with probes for the on-line measurement of pH, dissolved hydrogen partial pressure (see below) 
and temperature. Medium contained the following constituents (g.l-1): KH2PO4 (6.8), NaHCO3 
(9.0), NH4O  (2.1), trace elements stock solution (0.1%; v/v), sodium resazurin (0.1 mg.l-1), and 
cysteine.HCl (0.6) and Na2S2O3 (0.6) as reducing agents (Schönheit et a l., 1979). Growth was 
performed at 650C and medium pH as specified in the text. Cultures were gassed with 80% 
H2/20% CO2 (v/v) and mixed at 1500 rpm (MBR) and 1200 rpm (Chemap) agitation. After 
autoclaving and subsequent gassing with 80% N2/20% CO2 and 80% H2/20% CO2 to determine 
the 0% and 80% settings and drifts of the hydrogen probe, the fermentors were inoculated with 
25-50 ml of a freshly prepared serum bottle culture. As soon as methane formation had started, 
the stirring rate was adjusted and a 80% H2/20% CO2 gassing rate was applied as specified in 
the text. Analyses started 12-18 h after inoculation.
148
Growth phase-related changes in intracellular pH  and proton-motive force
8 .2 .3  F erm entor analyses
Dissolved hydrogen partial pressures were monitored on-line with an amperometric pH2 
(Ag2O/Ag) probe (Schill et a l., 1996; this thesis, Chapter 6). The probe was prepared from a 
Clark-type oxygen electrode (Broadly Technologies Corp., Irvine, CAL, USA).
Inflow (vin, ml.min-1) and outflow gas rates (vout, ml.min-1) were measured with a soap film 
flow meter. Methane contents of 1-ml aliquots of the outflow gas were determined by gas 
chromatography. Methane analyses were performed on a HP 5890 gas chromatograph equipped 
with a Poropack Q column and a flame ionization detector. Hydrogen uptake rates (vh2, ml.min-1)
were calculated from the difference between the gas inflow and outflow rates (vin-vout). The
relation follows from the stoichiometry of the process of methane formation from H 2 and CO2 
(equation 1).
4 H2 + CO2 o  CH. + 2 H2O [1]
From the equation it also follows that the methane production rate vcH4 = (vin-vout)/4 (ml.min-1). 
The calculations ignore H2 and CO2 consumption for biomass formation, which is less than 
maximally 4 to 5% of the inflow-gassing rate (Schill et a l., 1996; Schill and von Stockar, 1995). 
Alternatively, methane production rate was determined from the rate and methane content of the 
outflow gas. Methane production rates determined by the latter procedure and by gas flow 
measurements deviated generally less than approximately 5% from each other.
To follow growth, culture samples were anoxically withdrawn from the fermentor and 
optical densities were measured at 600 nm (OD600). Cellular dry weights (DW, mg or g) were 
calculated from the OD600 values. Previous studies established the linear relationship between 
the OD600 and the dry weight content at which 1 liter of culture showing an OD600 of 1 equaled 
0.425 g DW of cells. The specific rate of methane formation (qcH4, zmol.min-1.mg-1 of DW,
mol.h-1.g-1 of DW) is defined as the ratio between the rate of methanogenesis (zmol.min-1, mol.h-1) 
and the cellular dry weight content (mg, g) of the fermentor culture. Specific growth rates (z, h-1) 
and specific growth yields (Fch4, g DW.mol-1 of methane) were determined as described
below.
8 .2 .4  D eterm ination  o f  intracellular pH , m em brane potentia l and proton-m otive  
force
At regular time intervals, 10-20 ml of cells from the fermentor were anaerobically collected into 
evacuated serum bottles kept in ice-cold water; sampling time was less than 5 s. Intracellular pH 
(pHi) was measured taking advantage of the pH-dependent fluorescence characteristics of
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Fig. 1  Growth characteristics and chemiosmotic properties of M. thermoautotrophicus in a fed-batch 
fermentor. Culturing proceeded in a 3.5-l fermentor at pH 7.0 and at a gassing rate with 80% H/20% 
CO2 (v/v) of 400 ml.min-1 as described in the Materials and Methods section. A. ODtoü (0), hydrogen- 
uptake rate (V h 2) (□) and dissolved hydrogen partial pressure (oh2) (•)  during growth. B. Time course of 
specific rate of methanogenesis (qcH4) (V), specific growth yield ( í c h 4) (O) and specific growth rate (z) 
(□). C. Growth-related changes of membrane potential (0), proton motive force (X), intracellular pH (O), 
and medium pH (•). Vertical lines (----) mark the subsequent transitions between the lag, exponential 
and linear growth phases.
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coenzyme F420, and the trans-membrane electrochemical gradient (‘membrane potential’, A \ ,  
mV) was measured with the fluorescent probe DiBAC.(3) (this thesis, Chapter 2). By the 
methods, pHi and A \  could be assessed with errors of less than 0.05 pH units and 10 mV, 
respectively. The transmembrane electrochemical potential of protons (‘proton-motive force’, 
'zH +, expressed in mV) followed from the Mitchell equation [2]:
Azh+ = A \  - ZA pH  (mV) [2]
In the equation, Z = 2.303(R T/F ), where 4 = 8 .3 1 4  J.mol-1.K-1 and (= 9 6 .4 9  J.mV-1.mol-1 are the 
gas constant and Faraday constants, respectively. At the experimental temperature (650C), 
Z = 6 7  mV. ApH is the chemical gradient of H+, which is defined as pHi-pHo; pHi and pHo refer 
to the intra- and extracellular pH, respectively.
8 .2 .5  Growth phase analyses
Growth is characterized by the time-dependent changes of biomass (Mt, g), specific growth rates 
(z, h-1), specific rates of methane formation (qcH4, mol.h-1.g-1 of DW) and specific growth yields
(Ych4, g DW.mol-1 of methane formed). qcH4, z  and Ych4 are interrelated through the general
equation [3] (Russell and Cook, 1995):
qcH. = (1/ ; ch.)z  [3]
Our previous study established that the growth cycle of M. thermoautotrophicus in the fed-batch 
fermentor is described by three subsequent stages: a lag phase, an exponential phase, and a 
linear phase (this thesis, Chapter 6). During the lag phase, the specific growth rate (z, h-1) and 
qcH4 increase linearly in time, such that Ych4 lag remains constant 1:
qcH4 = (1/Fch4 lag)z [4]
The specific growth rate takes a maximal value at the entry of the exponential phase and remains 
constant throughout this phase (z ex )1. z  ex is calculated from a ln(ODó00) versus time plot or by 
fitting the ODóöö values with an exponential function.
During the linear growth stage, biomass increases at a fixed rate a  (g DW.h-1), whereas 
the rate of hydrogen consumption (vh2 lin) and methane formation (vch4 lin), as well as pH2 remain
constant1. Growth of biomass is described by: Mt = M ö + at (M0’, biomass at the onset of the 
linear growth). From the definition of the specific growth rate z  = (dMt/dt)/Mt, it follows that 
z  = a/(Mö’ + at). Thus, during the linear stage the specific growth rate z  decreases with time. 
Similarly, the specific rate of methane formation decreases with time according to qcH4=vcH4 lin/(Mö’
+ at). From the general equation [3] it is inferred that Ych4 lin = a/vcH4 lin1. Consequently,
1 The subscripts lag, ex and lin refer to the lag, exponential and linear phase, respectively. It should be noted that 
Fch. lag, Ych. lin, zex, a, vH2 lin and vcH. lin are only constant within a given culture. Actual values vary with the growth 
conditions applied, like gassing rates and medium pH.
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Fig. 2. Growth characteristics and chemiosmotic properties of M. thermoautotrophicus in a fed-batch 
fermentor at high gassing rate. Culturing proceeded in a 12-l fermentor at pH 7.0 and at a gassing rate 
with 80% H2/20% CO2 (v/v) of 1800 ml.min-1 as described in the Materials and Methods section. A. 
OD600 (0), hydrogen-uptake rate (V h 2) (□) and dissolved hydrogen partial pressure (oh2) ( • )  during 
growth. B. Time course of specific rate of methanogenesis S c h 4) (A), specific growth yield ( í c h 4) (O) and 
specific growth rate (z) (□). C. Growth-related changes of membrane potential (0), proton motive force 
(X), intracellular pH (O), and medium pH (•).
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the growth yield during the linear phase is constant as well, and qcH4 and z  relate in a 
directly proportional way:
qcH4 = (1/ Ych4 lin)z [5]
From experimentally determined optical densities (cellular dry weights) and specific methane- 
forming activities, and by the application the above theoretical relationships, specific growth 
rates and growth yields were derived, so that the growth cycle could be analyzed with respect to 
different growth phases.
8 .3  RESULTS
8 .3 .1  Intracellular pH , A \  and proton-m otive force  o f  M. thermoautotrophicus 
during growth in a fed-batch ferm entor
M. thermoautotrophicus was cultured in a fed-batch fermentor and growth was followed in time 
(Fig. 1A). At the start of the measurements, cells were in the lag phase. During this stage, the 
specific growth rate and specific methane-forming activity increased linearly in time (Fig. 1B). At 
the entry of the exponential phase (t = 4 h), z  took its maximal value and was fixed at 0.266 h-1 
(cell doubling time, 2.6 h) for the next 5-5.5 h. Starting from t = 9-9.5 h, the hydrogen 
consumption and methane production rates became constant, while cellular densities grew 
linearly in time (Fig. 1A). These are characteristics of the linear phase. The phase lasted for at 
least the next 18 h, where OD600 became as high as 9.2. During the growth cycle, the dissolved 
hydrogen partial pressure in the medium steadily decreased, concomitant to the increasing 
hydrogen consumption rates by the growing biomass, and became stable at 0.03 Bar in the 
beginning of the linear growth phase (Fig. 1A).
At regular time intervals, cells were analyzed for the intracellular pH, membrane 
potential and proton-motive force (Fig. 1C). Initially, the internal pH was quite alkaline (pH 8.8) 
and substantially contributed to a proton-motive force of -2 6 5  mV. In the course of the lag 
phase to the onset of the exponential phase, A \  was constant (approximately -1 6 0  mV), but pHi 
declined to 7.3, which was 0.3 units above the medium pH. pHi and A \  were maintained at the 
respective values during major period of the exponential phase, resulting in a steady Azh+ = -1 8 0  
mV. At the end of the phase, however, pHi suddenly dropped to 6.6, which was 0.4 units below 
the medium pH, and A \  diminished to -1 0 5  mV; Azh+ became only -9 0  mV. Interestingly, 
pHi was restored at 7.3 when cells entered the linear phase. The increase of the intracellular pH 
was initially counteracted by the decrease in A \ .  Yet, the membrane potential was subsequently 
restored as well to give a Azh+ of about -1 8 0  mV (data not shown).
The above results show marked changes in the chemiosmotic status of the cells, 
accompanying the shifts in growth phases. When experiments were repeated at different 80% 
H2/20% CO2 gassing rates, comparable results were obtained. The drops in pHi and A \  at the 
end of exponential growth were consistently observed if pH2 decreased below 0.12-0.15 Bar. No 
such drops occurred when pH2 was maintained above this value during the growth cycle. Fig. 2
presents an example, at which M. thermoautotrophicus was cultured at a high gassing rate (1800 
ml.min-1). At the start of the measurements, cells were already in the exponential phase
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Fig. 3. Effect of TCS on the growth characteristics and chemiosmotic properties of M. 
thermoautotrophicus. The organism was grown in a 3.5-l batch fermentor at pH 7.0 and at a 80% 
H2/2 0 %CO2 gassing rate of 200 ml.min-1 as described in the Materials and Methods section. TCS (2.5 
nmol.mg-1 of dry weight) was added at times indicated by the arrows. A. OD600 (0), hydrogen-uptake rate 
(V h 2) (□) and dissolved hydrogen partial pressure (oh2) (•) during growth. B. Time course of specific rate 
of methanogenesis (qcH4) (V), specific growth yield ( í c h 4) (O) and specific growth rate (z) (□). C. Growth- 
related changes of membrane potential (0), proton motive force (X), intracellular pH (O), and medium
pH (•).
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(z = 0.226 h-1; doubling time, 3.05 h) and at t = 7 h the culture shifted to the linear stage during 
which pH2 amounted to 0.37 Bar (Figs. 2A and B). Exponentially growing cells maintained their
internal pH at 7.3-7.4, and A \  was kept at -1 3 0  to -1 3 5  mV (Fig. 2C). The proton motive 
force was -1 5 0  to -1 6 0  mV, showing some tendency to increase as the result of an acidification 
of the medium. The transition of the exponential to the linear growth phase was associated with a 
rise in pHi from 7.4 to 8.1. This 0.7 pH units increase was equal in size as the pH 6.6 to 7.3 
increase seen before (Fig. 1A). As already pointed out, the increase was not preceded by a pHi 
and A \  drop.
8 .3 .2  U ncoupler-induced  shift in th e  growth phase
The above results demonstrated the connection between the growth phase shifts and the changes 
of the chemiosmotic parameters. The question was raised whether the shift in growth phase was 
triggered by chemiosmotic changes, or that the latter were the mere result of the transition of 
one stage into another. In the former case, it should be possible to artificially induce such a shift 
by the addition of compounds that affect the membrane potential and/or the intracellular pH. 
This was tested in the experiment shown in Fig. 3. In the experiment, growth of M. 
thermoautotrophicus was followed to the time that cells were present in the exponential phase 
(z = 0.275 h-1; doubling time, 2.5 h). At t = 4.5 h after the start of the measurements, a small 
amount (2.5 nmol.mg-1 DW of cells) of the uncoupler 3 ,3 ’,4 ’,5-tetrachlorosalicylanilide (TCS) 
was added. The addition caused an instantaneous dissipation of the proton chemical gradient 
(ApH = 0) and a drop in membrane potential from -2 0 5  to -1 8 0  mV (Fig. 3C); Azh+ was 
lowered from -2 5 0  to -1 8 0  mV. Moreover, the addition caused a delay in the specific growth 
rate and cells continued to grow linearly (Figs. 3A and B). Whilst pHi remained equal to the 
medium pH, A \  was partly restored in the further time course and the specific growth rate 
increased as well. At t = 7 h, a second portion of 2.5 nmol of TCS per mg dry cells was added to 
the culture. Again, the addition induced the cells to grow in a linear mode. The second addition 
had an even more dramatic effect on the chemiosmotic status. The intracellular pH dropped to 
5.85, which was 1.4 units below the medium pH. A \  was, after a transient increase, lowered to 
-1 0 5  mV. As the result, Azh+ became only about -1 0  mV. This is most remarkable, since 
growth continued in the apparent absence of a proton-motive force.
8 .3 .3  E ffects o f  m ed ium  pH  on growth o f  M. thermoautotrophicus
The previous experiments, which were performed at neutral medium pH, indicate an 
important role of the internal pH on the growth behavior of M. thermoautotrophicus. pHi has to 
be controlled in relation with the external pH. It is known that the medium pH has a clear 
impact on the growth characteristics and on the expression of enzymes involved in the process of 
methanogenesis (Bonacker et a l., 1992; Morgan et a l., 1997; Pennings et a l., 2000; Vermeij et 
al., 1997). Therefore, it was of interest to explore how the organism would respond to 
environmental pH changes at the bioenergetic level. To investigate this, M. thermoautrophicus 
was cultured in the fed-batch fermentor at alkaline (pH 7.5) and acidic (pH 6.5) conditions. At 
pH 7.5, cells grew initially in an exponential way (z = 0.192 h-1; doubling time, 3.6 h), and
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Fig. 4. Growth characteristics and chemiosmotic properties of M. thermoautotrophicus in a fed-batch 
fermentor at a medium pH of 7.5. Culturing proceeded in a 12-l fermentor at a 80% H>/20% CO2 
gassing rate of 1550 ml.min-1 as described in the Materials and Methods section. A. OD500 (0), hydrogen- 
uptake rate (V h 2) (□) and dissolved hydrogen partial pressure (oh2) (•) during growth. B. Time course of 
specific rate of methanogenesis (qcH4) (V), specific growth yield ( í c h 4) (O) and specific growth rate (z) 
(□). C. Growth-related changes of membrane potential (0), proton motive force (X), intracellular pH (O), 
and medium pH (•}.
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shifted to linear growth at t = 4-5 h (Figs. 4A and B). During the latter period, pH2 was
maintained at approximately 0.20 Bar. A \  remained about constant (-120 to -130 mV) 
throughout the growth cycle (Fig. 4C). In the course of the exponential stage, pHi was 7.85, 
which was 0.4 units above the medium pH, and an 0.2 pH-units increase was observed, when 
cells entered the linear growth mode. The results are in qualitative agreement with those 
obtained during growth at high gassing rate (Fig. 2), except for one notable difference. At the 
end, pHi again increased and then suddenly dropped (Fig. 4C). The particular changes 
coincided with the arrest in growth (Figs. 4A and B).
A somewhat different picture emerged when growth was followed at pH 6.5 (Fig. 5). 
Here, cellular densities initially increased in a linear way and the rate of hydrogen consumption 
remained approximately constant (Fig. 5A). The specific growth rate, which was high at the start 
of the measurements (z = 0.36 h-1 ), and the specific methane-forming activity decreased in a 
parallel way, such that Ych4 was kept constant (3.0 g DW.mol-1 of methane formed) (Fig. 5B).
These physiological characteristics indicated cells, in fact, started the growth cycle as a linear 
phase. From t = 4-5 h, OD600 increased exponentially (z = 0.20 h-1 ; doubling time, 3.5 h), until 
t= 1 0 , where growth was suddenly arrested. As before, cells were analyzed for their intracellular 
pH and membrane potential (Fig. 5C). A \ ,  which was -7 0  mV at the beginning, steadily 
decreased to become -8 5  to -9 0  mV at the end. Since pHi was about equal to the medium pH 
during the initial linear growth mode, an only low Azh+ of -7 0  to -9 0  mV was calculated for 
this stage. It may be noted that comparable low values were observed during linear growth at 
low dissolved hydrogen partial pressures (Fig. 1). The transition of the linear into the 
exponential phase was associated with an up-shift of the intracellular pH of 0.45 units and at the 
end of the growth cycle a second stepwise increase of 0.25 units was noticed, when cells entered 
the (non-growth) stationary phase.
8 .4  DISCUSSION
In this study, M. thermoautotrophicus was cultured in a fed-batch fermentor under various 80% 
H2:20% CO2 gassing regimes and at different medium pH values. By measuring a number of 
physiological parameters (cellular dry weight contents, rates of hydrogen consumption and 
methane formation) and by using analytical tools as outlined in the Materials and Methods 
section, distinct growth phases could be discerned, notably the lag, exponential and linear 
phases. Occasionally, a stationary phase was observed at the end of the growth cycle, where 
growth became arrested. Transitions between subsequent phases were associated with marked, 
stepwise changes in the chemiosmotic parameters, in particular in intracellular pH and proton­
motive force. Our finding that the shift of one growth phase into another could be artificially 
induced by the addition of uncoupler indicates that chemiosmotic changes actually trigger the 
phase transitions. The question then is which factors elicit these changes.
Whilst pHi and Azh+ were variable, membrane potentials were maintained at rather 
fixed values in the course of a growth cycle. Depending on the growth conditions applied, 
A \  generally was between -1 2 0  and -1 6 0  mV, but it could be significantly less negative during 
growth at hydrogen-limited conditions (Fig. 1C) or at a low medium pH (Fig. 5C). In 
experiments in which the proton chemical gradient did not contribute to the proton-motive force 
(ApH = 0), Kaesler and Schönheit (1988) found that ATP contents of M. thermoautotrophicus
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Fig. 5. Growth characteristics and chemiosmotic properties of M. thermoautotrophicus in a fed-batch 
fermentor at a medium pH of 6.5. Culturing proceeded in a 12-l fermentor at a 80% H>/20% CO2 
gassing rate of 1640 ml.min-1 as described in the Materials and Methods section. A. OD500 (0), hydrogen- 
uptake rate (V h 2) (□) and dissolved hydrogen partial pressure (oh2) (•)  during growth. B. Time course of 
specific rate of methanogenesis ( s c h 4) (A), specific growth yield ( í c h 4) (O) and specific growth rate (z) 
(□). C. Growth-related changes of membrane potential (0), proton motive force (X), intracellular pH (O), 
and medium pH (O).
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cells were maximal at A zh+<-100 mV. These observations imply that (1) A \  constitutes the 
obligatory driving force for the A1A0 ATP synthetase, as is also the case for H+- and Na+- 
translocating F 1F0 ATP synthetases (Kaim, 2001), and (2) a membrane potential more negative 
than -1 0 0  mV is sufficient for the ATP synthetase to operate at full activity. In agreement 
herewith, we noticed that M. thermoautotrophicus was even capable of growth when Azh+ was 
abolished by the action of TCS (Fig. 3). Here, the driving force for ATP synthesis, required for 
growth, could only stem from the membrane potential, which was -105 mV.
Apparently, M. thermoautotrophicus operates its bioenergetic machinery in a way that A \  
is maintained at an appropriate ( < - 1 0 0  mV) and preferably constant value. Membrane 
potentials have to be controlled under highly diverse environmental conditions. The generation 
of the membrane potential and proton-motive force is intimately connected with the terminal 
methane-forming reaction, the hydrogen-dependent reduction of methyl-coenzyme M (CH3-S- 
CoM) (Deppenmeier et a l., 1996, 1999; Thauer, 1998). The process is composed of two partial 
reactions. In the methane-forming step [6], CH3-S-CoM is reductively demethylated with 
coenzyme B (HS-CoB) as the electron donor to produce CH4 and the heterodisulfide (CoM-S-S- 
CoB) of HS-CoB and coenzyme M (HS-CoM). This irreversible and rate-limiting step in 
methanogenesis is catalyzed by methyl-coenzyme M reductase (MCR). HS-CoM and HS-CoB are 
subsequently recovered by CoM-S-S-CoB reduction with hydrogen [7].
CH3-S-CoM + HS-CoB o  CH. + CoM-S-S-CoB (AG0’= -45 kj.mol-1) [6]
H2 + CoM-S-S-CoB o  HS-CoM + HS-CoB (AG0’= -40 kj.mol-1) [7]
CoM-S-S-CoB reduction is connected with the export of protons, thus generating a proton-motive 
force (Deppenmeier et a l., 1996, 1999). Our previous study established that the Gibbs free 
energy change (AG’) related with heterodisulfide reduction is in thermodynamic equilibrium with 
the size of Azh+ (this thesis, Chapter 5):
nFAp», = A G a‘ + RTln [HS ;  C,°M][HS ~  C.°BJ . (kj.mol-1) [8]
p H [CoM -  S -  S -  CoB]
In the left-hand term of equation [8], n refers to the number of protons that are translocated per 
reaction. In M. thermoautotrophicus, n is either 3 or 4, depending whether growth is performed 
below or above pH2 = 0.12 Bar, respectively (this thesis, Chapter 5). The growth phase-related 
changes in intracellular pH and proton-motive force have to be understood in connection with 
AG’ changes (right-hand term in equation 8). An immediate consequence of the equation is that 
cells must respond to a change in AG’ by modifying Azh+ and/or the proton translocation 
stoichiometry (n).
The growth cycle in a fed-batch fermentor consists of the subsequent lag, exponential 
and linear growth phases (Fig. 1). In our experiments, fermentors were inoculated with serum 
bottle cultures that had been grown under hydrogen-limited conditions. After inoculation, cells 
had to adapt to a hydrogen-rich environment. Adaptation most likely will include the adjustment 
of the proton translocation stoichiometry (notably from n = 3 to n = 4). Such transition should be 
accompanied by the decrease in Azh+, which is, indeed, observed during the lag phase (Fig.
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1C). Once adapted, cells enter the exponential phase. The exponential growth of hydrogen­
consuming methanogens results in the parallel decline of the dissolved hydrogen partial pressure 
and the specific rate of methanogenesis. By the decrease in pH2, AG’ associated with CoM-S-S-
CoB reduction diminishes, and below a certain hydrogen concentration the organisms will be 
forced to sacrifice part of the proton-motive force. This can also be seen in Fig. 1C. The end of 
the exponential phase was characterized in our experiments by a pHi up-shift of 0.2-0.7 units 
and the proportional change of Azh+. Obviously, this change cannot be explained by a decline 
in pH2 during the period, but must rather be the result of the decrease in the concentration ratio
between HS-CoM and HS-CoB versus CoM-S-S-CoB. The concentration changes may take place 
in connection with the decrease in the specific rate of methanogenesis, viz. methyl-coenzyme M 
reductase activity. It is proposed that either the pHi shift or changes in the HS-CoM and HS-CoB 
pools provide the signal to the cells to step into the next growth phase, the linear stage. This 
stage enables the cells to grow for prolonged periods of time at a fixed hydrogen partial pressure 
and in a chemiosmotic steady state. This seems especially beneficial if the organism has to thrive 
under hydrogen-limited conditions (Fig. 1) or during growth at acidic pH (Fig. 5). Remarkably, 
under these conditions specific genes are expressed by M. thermoautotrophicus, including 
methyl-coenzyme M reductase type I and F420-dependent 0 5,0 10-methylene-tetrahydro- 
methanopterin dehydrogenase (Bonacker et a l., 1992; Morgan et a l., 1997; Pennings et al., 
2000; Pihl et a l., 1994; Vermeij et a l., 1997). Therefore, it is likely that the linear phase is not 
merely some physiological peculiarity, but represents a stage, which comprises the expression of 
particular genes.
As discussed above, cells tend to maintain the membrane potential constant, while the 
proton-motive force is variable. This is achieved by adjusting the intracellular pH. pH control 
requires the action of an Na+-H+ antiporter (Deppenmeier et a l., 1996; Müller et a l., 1990; 
Schäfer et a l., 1999; Schönheit and Beimborn, 1985). In order to become alkaline, protons 
have to be pumped out of the cells with rates that increase with the growth in biomass. The 
result would be a slight but steady acidification of the medium, which is, indeed, observed from 
the various Figures.
In conclusion, methanogens have to tune their bioenergetic machinery and growth 
physiology to a changing environment. In the adaptation towards hydrogen changes, M. 
thermoautotrophicus displays different modes of growth that are likely to be associated with the 
expression of growth-phase specific genes. Results from this study suggest that the growth phase 
shifts are triggered by changes in the intracellular pH.
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SUMMARY AND CONCLUSIONS
Methanogenic archaea are obligate anaerobic organisms, which obtain their energy for growth 
from the conversion of a restricted group of simple carbon substrates into methane. Most 
species, including the in this thesis studied Methanothermobacter thermoautotrophicus (formerly 
M ethanobacterium thermoautotrophicum  AH), reduce CO2 with hydrogen as an electron donor. 
Some reactions in the methane-forming pathway are coupled to an import or export of ions (H+, 
Na+). Ion movements across the cell membrane result in the generation of a proton-motive force, 
which is used to drive ATP synthesis. ATP is subsequently consumed for biomass synthesis. The 
pathways of autotrophic CO2 fixation and methane formation are closely connected. In Chapter 1 
of this thesis, an overview is presented of the methane-forming pathways from the different 
substrates, the chemiosmotic energy metabolism and the cell carbon synthesis.
Hydrogen-utilizing methanogens have to thrive under natural and laboratory conditions 
in which the concentration of the energy source, hydrogen, may vary over orders of magnitude. 
The organisms have to adapt to the variations. This is achieved at the genetic level by the 
differential expression of enzymes involved in methanogenesis. However, it is expected that 
hydrogen changes will greatly affect the bioenergetics of the process, the intracellular 
concentrations of methanogenic intermediates, and the way catabolism and anabolism are 
coupled. Despite the extended knowledge on M ethanothermobacter thermoautotrophicus, the 
fundamental understanding of the regulation of the hydrogen metabolism by the organism shows 
major hiatus at the bioenergetic and physiological levels, which have been addressed upon in the 
present thesis.
In order to investigate the way M. thermoautotrophicus adapts to hydrogen changes, new 
methods had to be developed for the analysis of chemiosmotic parameters and intracellular 
coenzyme concentrations. Chapter 2 describes convenient methods to measure membrane 
potential and intracellular pH in M. thermoautotrophicus. The assessment of membrane 
potentials used the fluorescent compound bis-(1,3-dibutylbarbituric acid)trimethine oxonol 
(DiBAC.(3)), which is a potential sensitive probe that equilibrates across cell membranes 
dependent on the charge distribution. By use of the probe, membrane potentials could be easily 
measured within an accuracy of approximately 10 mV.
Determination of the intracellular pH took advantage of the pH-dependent fluorescence 
characteristics of coenzyme F420, the central low-molecular-weight electron carrier in 
methanogenic metabolism. In the physiological range (pH 5-9), intracellular pH could be 
measured with an error of less than 0.05 pH-units. The fluorescent properties of the coenzyme 
were also used to determine in vivo concentrations of reduced and oxidized F420 (Chapter 4).
The synthesis of formyl-methanofuran from methanofuran and CO2, and the reduction of 
CoM-S-S-CoB, which is the heterodisulfide of coenzyme M and coenzyme B, are two crucial, 
hydrogen-dependent steps in the energy metabolism of methanogens. Methods to quantify the 
compounds in picomole amounts are reported in Chapter 3. Methanofuran levels were measured 
after fluorescent labeling with G-phtaldialdehyde and subsequent HPLC analysis. Formyl­
methanofuran was analyzed after the quantitative oxidation into methanofuran. Similarly, HS- 
CoM and HS-CoB were analyzed by HPLC after fluorescent labeling with monobromobimane. 
Here, CoM-S-S-CoB was quantified after enzymic reduction into HS-CoM and HS-CoB.
In Chapter 4, the effect of the environmental hydrogen concentrations on the 
intracellular reduction of coenzyme F420 was investigated. It was established that methane-
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forming cell suspensions of M. thermoautotrophicus obtained from different growth phases 
maintained the concentration ratio between reduced and oxidized F420 in thermodynamic 
equilibrium with the applied hydrogen partial pressure. This was also verified for a range of 
temperatures and medium pH values. Furthermore, cells growing in a fed-batch fermentor kept 
the ratio between reduced and oxidized coenzyme ([F42öH2]/[F42ö]) in equilibrium with the 
dissolved hydrogen partial pressures (pH2) under most, and presumably all, conditions. 
Equilibrium was also found for methanol-metabolizing cells of Methanosarcina barkeri, but not in 
acetate-converting cells of this organism. However, acetate conversion does not include F420- 
dependent reactions and M. barkeri grown on acetate contains only low levels of the coenzyme. 
The property that [F42öH2]/[F42ö] in hydrogen- or methanol-metabolizing methanogens is in 
equilibrium with pH2 could be of use to determine in situ hydrogen concentrations in
methanogenic ecosystems.
In order to study the bioenergetics of the formyl-methanofuran synthesis and CoM-S-S- 
CoB reduction reactions, M. thermoautotrophicus was cultured in a chemostat under a range of 
steady state hydrogen partial pressures. The results of the study described in Chapter 5 
demonstrate that formyl-methanofuran synthesis should be driven by the import of 
approximately 2 Na+ in cells growing above 0.12 Bar. In cells growing below that concentration, 
the number was about 3. Cells growing at pH2> 0 .1 2  Bar maintained their proton-motive force
such that the free energy change associated with CoM-S-S-CoB permitted the export of 4 H+, 
whereas an apparent proton-translocation stoichiometry of 3 held for cells growing at pH2< 0 .1 2  
Bar. The shift in proton-translocation stoichiometry occurred within a very narrow zone around 
at pH2 = 0.12 Bar. The findings were confirmed in experiments performed with cell suspensions
obtained from the chemostat cultures that had been incubated under a broad range of hydrogen 
partial pressures. Formyl-methanofuran synthesis in cell suspensions, however, was 
thermodynamically coupled with the import of a variable number of 2-4 sodium ions. The 
number rather depended on the hydrogen concentration during incubation than on the history of 
the cell suspension, viz. the hydrogen concentration at which growth had taken place in the 
chemostat. We propose that formation of formyl-methanofuran is kinetically coupled with the 
import of a fixed number of, presumably four, sodium ions, the effective number being variable 
(2-4) and dependent on the in situ  hydrogen concentration.
Chapters 6 to 8 of this thesis describe the results of growth studies performed with M. 
thermoautotrophicus. The culturing in the fed-batch fermentor of the organism under a variety of 
H2/CO2 gassing regimes revealed a well-defined growth cycle composed of subsequent lag, 
exponential and linear growth phases. Specific growth yields, expressed as the amount of 
biomass formed per mole of methane, increased with decreasing hydrogen concentrations. The 
phenomenon that growth and methanogenesis become more tightly coupled under hydrogen 
limitation was also seen by other authors. Our analyses, however, indicate that M. 
thermoautotrophicus may take two distinct maximal growth yields, notably 3.1 and 6.7 g dry 
weight of cells per mole of methane formed. The lower value applies to growth below pH2 = 0 .12­
0.15 Bar, whereas the higher one holds for growth above that concentration. The observation is 
consistent with the shift in proton-translocation stoichiometries that occurs around pH2 = 0.12 
Bar.
On the basis of the present knowledge of the biochemistry and bioenergetics of the 
process of methanogenesis, mathematical expressions were derived in Chapter 7 that relate
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methanogenesis to growth and that enable the calculation of the maximal growth yields. 
Calculated values were in good agreement with data given in literature and with data measured 
by us for M. thermoautotrophicus. The mathematical relationships between methane formation 
and growth highly resemble the well-known ‘Pirt’ equations, which have experimentally been 
found for many microorganisms. In the latter equations, the coupling between catabolism and 
anabolism is controlled by the ‘specific maintenance coefficient’. In our view, the control would 
be exerted by proton-slip or proton-leakage processes across the cell membrane. Experiments, 
in which M. thermoautotrophicus was cultured in the chemostat under steady state conditions 
and under controlled hydrogen partial pressures, fully substantiated that methanogenesis and 
growth were interrelated according to the theoretical expressions. In addition, the experiments 
confirmed that the organism could adopt maximal growth yields of 3.1 and 6.7 g dry weight of 
cells per mole of methane for growth below and above pH2 = 0.12 Bar, respectively.
As outlined in Chapter 6, growth of M. thermoautotrophicus in the fed-batch fermentor is 
characterized by subsequent growth phases. We investigated this in more detail in Chapter 8. It 
appeared that the transition of one growth phase to the next was accompanied by a stepwise 
change in the intracellular pH and proton-motive force of the cells. Apparently, the change in 
the chemiosmotic parameters triggered the phase shifts. In agreement herewith, we found that 
such shift could be artificially induced by the addition of a small amount of uncoupler. The 
cause of intracellular pH and proton-motive force modifications is discussed in relation with the 
way the methanogens have to adapt to a continuously changing environment and to hydrogen 
changes in particular.
Our findings shed a new light on the way hydrogen-utilizing methanogens, like M. 
thermoautotrophicus, deal with changes in the availability of their energy source, hydrogen. It is 
described how the variations affect the bioenergetics of methanogenic key reactions and how the 
organisms respond to this by adjusting membrane-bound processes. The adaptation at the 
biomolecular level is reflected in the growth physiology. Eventually, the results may contribute to 
the fundamental understanding of the methanogenic cell, founded on the mathematical 
description of the combined cellular processes.
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Methanogene archaea zijn anaerobe organismen die de energie voor hun groei verkrijgen uit de 
omzetting van een beperkte groep eenvoudige koolstofverbindingen in methaangas. De meeste 
soorten, inclusief de in dit proefschrift bestudeerde Methanothermobacter thermoautotrophicus 
(voorheen M ethanobacterium thermoautotrophicum  AH), reduceren CO2 met waterstof als 
electronendonor. Enkele reacties in de methaanvormende route zijn gekoppeld aan een import 
of export van ionen (H+, Na+). Deze ionenstromen over de celmembraan zorgen voor de 
opbouw van een protonendrijvende kracht die weer gebruikt kan worden om de ATP-synthese 
aan te sturen. ATP wordt vervolgens gebruikt voor de synthese van biomassa. De routes van 
autotrofe CO2-fixatie en methaanvorming zijn nauw met elkaar verweven. In Hoofdstuk 1 van dit 
proefschrift wordt een overzicht gegeven van de methaanvormende routes vanuit de 
verschillende substraten, het chemiosmotische energiemetabolisme en de celkoolstofsynthese.
In de natuur en in het laboratorium kunnen waterstofverbruikende methanogenen leven 
onder omstandigheden waarin de concentratie van hun energiebron waterstof over orden van 
grootte kan variëren. De organismen moeten zich aan deze veranderingen aanpassen. Dit 
bereiken ze op genetisch niveau door het differentieel tot expressie brengen van enzymen die bij 
de methanogenese betrokken zijn. Het is echter ook te verwachten dat veranderingen in het 
aanbod van waterstof een sterke invloed hebben op de bio-energetica van het proces, op de 
intracellulaire concentraties van methanogene tussenproducten en op de wijze waarop 
katabolisme en anabolisme aan elkaar gekoppeld zijn. Ofschoon M. thermoautotrophicus zeer 
goed bestudeerd is -het genoom van het organisme is bijvoorbeeld volledig opgehelderd-, is onze 
kennis omtrent de regulatie van het waterstofmetabolisme door het organisme in fundamenteel 
opzicht nog beperkt. Het onderzoek in dit proefschrift heeft tot doel deze regulatie op bio­
energetisch en fysiologisch niveau verder te leren begrijpen.
Om te onderzoeken hoe M. thermoautotrophicus zich aanpast aan veranderingen in het 
waterstofaanbod moesten nieuwe methoden ontwikkeld worden om de chemiosmotische 
parameters en coenzymconcentraties te analyseren. Hoofdstuk 2 beschrijft eenvoudige 
methoden om de membraanpotentiaal en de intracellulaire pH in M. thermoautotrophicus te 
bepalen. Voor het meten van membraanpotentialen werd gebruik gemaakt van de stof bis-(1,3- 
dibutylbarbituurzuur)trimethine oxonol (DiBAC.(3)), een fluorescente verbinding die zich 
afhankelijk van de ladingsverdeling verdeelt over de celmembraan. Met behulp van deze probe 
konden membraanpotentialen eenvoudig gemeten worden met een nauwkeurigheid van ongeveer
10 mV.
Om de intracellulaire pH te bepalen is gebruik gemaakt van de pH-afhankelijke 
fluorescente eigenschappen van coenzym F420, de centrale, laag-moleculaire electronencarrier in 
het methanogene metabolisme. De fout in deze metingen was minder dan 0,05 pH-eenheden in 
het fysiologische bereik van pH 5-9. De fluorescente eigenschappen van dit coenzym zijn ook 
gebruikt om in vivo concentraties van gereduceerd en geoxideerd F420 te bepalen (Hoofdstuk 4).
De vorming van formyl-methanofuran uit methanofuran en CO2 en de reductie van CoM- 
S-S-CoB, het heterodisulfide van coenzym M en coenzym B, zijn twee cruciale, 
waterstofafhankelijke stappen in het energiemetabolisme van methanogenen. In Hoofdstuk 3 
worden methoden beschreven om deze verbindingen in picomolhoeveelheden te kwantificeren.
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Methanofuran kon gemeten worden door de verbinding te labelen met de fluorescente stof G- 
ftaaldialdehyde en dit derivaat te scheiden op HPLC. Formyl-methanofuran werd geanalyseerd 
na kwantitatieve oxidatie tot methanofuran. Op vergelijkbare wijze werden HS-CoM en HS-CoB 
geanalyseerd op de HPLC na fluorescente labeling met monobromobimaan. CoM-S-S-CoB werd 
kwantitatief bepaald na enzymatische reductie tot HS-CoM en HS-CoB.
In Hoofdstuk 4 wordt het effect onderzocht van de waterstofconcentratie in het 
groeimedium op de reductie van coenzym F420 binnen de cel. De concentratieverhouding tussen 
gereduceerd en geoxideerd F420 in methaanvormende celsuspensies van M. thermoautotrophicus 
bleek in thermodynamisch evenwicht te zijn met de partiële waterstofspanning in de gasfase. De 
celsuspensies waren verkregen uit verschillende groeistadia. Dit evenwicht gold voor het 
volledige door ons onderzochte bereik van temperatuur- en pH-waarden van het groeimedium. 
Tijdens de groei in een fed-batch fermentor verandert de opgeloste partiële waterstofspanning 
van het medium (pH2) voortdurend. De verhouding tussen gereduceerd en geoxideerd coenzym
([F 420 H2]/[F 420]) in de cellen bleek echter onder de meeste -en wellicht alle- omstandigheden in 
evenwicht te zijn met de pH2. Dit evenwicht werd verder ook gevonden in methanolverbruikende
cellen van M ethanosarcina barkeri, maar niet in acetaatomzettende cellen van dit organisme. 
Voor de acetaatomzetting zijn echter geen F420-afhankelijke reacties nodig. M. barkeri gekweekt 
op acetaat bevat dan ook slechts geringe hoeveelheden van dit coenzym. De eigenschap, dat 
[F42öH2]/[F42ö] in waterstof- en methanolverbruikende methanogenen in evenwicht is met de pH2,
zou gebruikt kunnen worden om in situ  waterstofconcentraties in methanogene ecosystemen te 
bepalen.
Om de bio-energetica van de formyl-methanofuran vorming en de CoM-S-S-CoB reductie 
te bestuderen, is M. thermoautotrophicus in een chemostaat gekweekt onder een aantal ‘steady- 
state’ condities met bekende partiële waterstofspanningen. De resultaten van het onderzoek dat 
in Hoofdstuk 5 wordt beschreven, laten zien dat de formyl-methanofuran synthese gedreven 
moet worden door de import van ongeveer 2 Na+ per reactie. Dit gold voor cellen die boven een 
partiële waterstofspanning van 0,12 Bar groeiden. Het aantal was echter ongeveer 3 voor cellen 
die beneden deze concentratie gekweekt werden. De reductie van CoM-S-S-CoB is gekoppeld 
aan de opbouw van een protonendrijvende kracht. In cellen die boven een pH2 van 0,12 Bar
groeiden, was de protonendrijvende kracht zodanig groot dat hiermee per reactie 4 protonen uit 
de cel gepompt konden worden. Voor cellen die groeiden bij pH2< 0 ,1 2  Bar gold een proton-
translocatie stoichiometrie van 3. De stoichiometrie omslag vond plaats in een zeer smal bereik 
rond pH2 = 0,12 Bar. De resultaten met betrekking tot de CoM-S-S-CoB reductie werden
bevestigd in experimenten met celsuspensies afkomstig van de chemostaat. In dit type 
experimenten werden de celsuspensies geïncubeerd onder een groot bereik van partiële 
waterstofspanningen. De vorming van formyl-methanofuran in celsuspensies bleek daarentegen 
gekoppeld te zijn aan een import van een variabel aantal van 2-4 natrium-ionen. Dit aantal hing 
af van de waterstofconcentratie tijdens de incubatie en niet van de herkomst van de 
celsuspensie, d.w.z. de waterstofconcentratie waarbij de cellen in de chemostaat gekweekt 
waren. We vermoeden dat de vorming van formyl-methanofuran kinetisch gekoppeld is met de 
import van een vast aantal natrium ionen (waarschijnlijk 4), maar dat het aantal dat effectief 
gebruikt wordt voor de koppeling variabel is (2-4). Dit laatste aantal is blijkbaar direct 
afhankelijk van de in situ  waterstofconcentratie.
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De Hoofdstukken 6 tot 8 van dit proefschrift beschrijven de resultaten van groeistudies met M. 
thermoautotrophicus. Tijdens de kweek in een fed-batch fermentor doorloopt het organisme een 
vaste groeicyclus die achtereenvolgens is opgebouwd uit de aanloop (‘lag’), exponentiële en 
lineaire fase. Bij lagere waterstofconcentraties bleek de specifieke groeiopbrengst toe te nemen. 
De specifieke groeiopbrengst wordt berekend als de hoeveelheid biomassa die gevormd wordt 
per mol geproduceerd methaan. Groei en methaanvorming zijn dus sterker gekoppeld onder 
waterstoflimitatie, hetgeen ook al door andere onderzoekers gevonden is. Onze analyses 
suggereren verder dat M. thermoautotrophicus twee verschillende maximale groeiopbrengsten 
kan hebben, namelijk 3,1 en 6,7 g drooggewicht aan cellen per mol methaan dat gevormd is. 
De lagere waarde betreft cellen die groeien beneden pH2 = 0,12-0,15 Bar, terwijl de hogere
waarde geldt voor groei boven die concentratie. Deze verandering is in overeenstemming met de 
hierboven beschreven omslag in de proton-translocatie stoichiometrie bij pH2 = 0,12 Bar.
Op basis van de huidige kennis van de biochemie en de bio-energetica van het proces 
van de methanogenese zijn in Hoofdstuk 7 wiskundige vergelijkingen afgeleid die de relatie 
tussen methanogenese en groei beschrijven en die de berekening van maximale 
groeiopbrengsten mogelijk maken. De berekende maximale groeiopbrengsten komen goed 
overeen met data uit de literatuur en met eigen meetwaarden voor M. thermoautotrophicus. De 
wiskundige relaties tussen methaanvorming en groei lijken sterk op de bekende ‘Pirt’- 
vergelijkingen, die experimenteel voor tal van micro-organismen zijn vastgesteld. In de laatste 
vergelijkingen wordt de koppeling tussen katabolisme en anabolisme bepaald door de ‘specifieke 
maintenance coëfficiënt’. In onze analyse wordt de koppeling echter gestuurd door proton- 
slippende of proton-lekkende processen over de celmembraan. Groeistudies waarin M. 
thermoautotrophicus onder ‘steady-state’ condities en onder bekende partiële waterstof- 
spanningen in de chemostaat gekweekt werd, wezen uit dat methanogenese en groei inderdaad 
volgens de theoretische vergelijkingen aan elkaar gerelateerd zijn. Deze experimenten 
bevestigden bovendien dat het organisme twee verschillende maximale groeiopbrengsten kan 
aannemen, namelijk 3,1 en 6,7 g drooggewicht aan cellen per mol methaan tijdens groei bij een 
pH2, die respectievelijk lager en hoger is dan 0,12 Bar.
Uit Hoofdstuk 6 bleek dat de groeicyclus van M. thermoautotrophicus in de fed-batch 
fermentor is samengesteld uit opeenvolgende groeifasen. In Hoofdstuk 8 is onderzocht door 
welke factoren de overgang van de ene fase naar de volgende bepaald werden. Het bleek, dat 
een overgang steeds gepaard ging met een stapsgewijze verandering in de intracellulaire pH en 
de protonendrijvende kracht van de cellen: een verandering in chemiosmotische parameters 
stuurt dus blijkbaar een groeifase-overgang. In overeenstemming hiermee vonden we dat zo’n 
overgang kunstmatig geïnduceerd kon worden door de toevoeging van een kleine hoeveelheid 
ontkoppelaar. In de discussie wordt de verandering in de intracellulaire pH en de 
protonendrijvende kracht in verband gebracht met de wijze waarop methanogenen zich moeten 
aanpassen aan een continu veranderende omgeving en met name aan de verandering in 
waterstofconcentraties.
De resultaten van ons onderzoek werpen een nieuw licht op de manier waarop 
waterstofverbruikende methanogenen, zoals M. thermoautotrophicus, omgaan met veranderingen 
in het aanbod van hun energiebron waterstof. We beschrijven hoe de veranderingen van invloed 
zijn op de bio-energetica van de methanogene sleutelreacties en hoe het micro-organisme
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membraangebonden processen hierop aanpast. De aanpassing op bio-moleculair niveau heeft 
een directe weerslag op de groeifysiologie. Onze onderzoeksresultaten maken een fundamenteel 
begrip van de methanogene cel verder mogelijk, een begrip dat in laatste instantie gebaseerd zal 
zijn op een wiskundige beschrijving van het totaal van celprocessen.
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NAW OORD
I f  I  have seen further, it is by standing on the shoulders o f  Giants.
Sir Isaac Newton (1676)
Newton heeft zonder twijfel gestaan op die schouders. Ik niet. Ik heb als een klein kaboutertje 
prinsheerlijk gezeten op de schouders van reuzen die mij van het ene wetenschappelijke 
hoogtepunt naar het andere gedragen hebben. Terwijl ze mij mee lieten genieten van hun ruime 
uitzicht, plukten ze voor mij de vruchten uit de voor mij te hoge bomen en droegen ze 
ondertussen informatie aan uit hun onuitputtelijke bronnen van kennis en ervaring. Het zijn deze 
reuzen die ik op dit muizenplekje wil bedanken voor de ongelooflijke inzet die zij verricht 
hebben. Zonder hun inspanningen had dit proefschrift er in deze vorm niet kunnen zijn.
Jan, een woord van dank voor jou zou een extra boekje kunnen vullen. Je was open, kritisch, 
geduldig, nauwkeurig, relativerend en had vaak meer vertrouwen in mij en mijn onderzoek dan 
ikzelf. Je zat altijd boordevol goede ideeën en suggesties en je bruiste van enthousiasme voor het 
onderzoek. Dit prachtige project, waar ik door de jaren heen erg van genoten heb, is ontsproten 
uit jouw brein. Ik heb ontzettend veel van je geleerd. Ik kon altijd bij je terecht, niet alleen voor 
praktische vragen over mijn onderzoek, maar ook als ik weer eens de wanhoop nabij was en 
even bij iemand mijn hart moest luchten. Jan, ik heb erg prettig met je samengewerkt en ik weet 
zeker dat ik jou en je benadering van het onderzoek in de toekomst zal gaan missen.
Ook Wim, dankjewel! Zonder jouw hulp zou ik absoluut overspannen zijn geworden. De 
laatste anderhalf jaar ben je vaak fulltime met mijn onderzoek bezig geweest, en rende je van 
fermentor naar begassingsbord en van centrifuge naar anaerobe tent om mij te assisteren bij 
mijn bizarre hoeveelheid metingen. ’s Nachts klom jij jouw bed uit om voor mij de begassing van 
de fermentor harder te zetten, zodat we ’s ochtends samen (ik uitgerust, jij een beetje moe) aan 
onze meetmarathon konden beginnen. Ik kon altijd mijn frustraties en verhalen bij jou kwijt en 
als we dan een tijdje gepraat hadden, kon ik weer vol goede moed verder met mijn werk. Als ik 
iets kapot maakte, zorgde jij dat het weer gerepareerd werd. En zonder jouw inzet waren een 
heleboel metingen uit dit proefschrift beslist onmogelijk geweest en had er tussen dit kaftje 
bedroevend weinig informatie gezeten.
In de afgelopen jaren hebben ook enkele reuzenstudenten hun schouders onder dit 
onderzoek gezet. Ik wil Jori Brouwer, Hasna el Habti, Igor Dolné en Remco Houben niet alleen 
bedanken voor hun inzet en harde werken, waarvan een deel in dit proefschrift is terug te 
vinden, maar ook voor hun bijdrage aan de sfeer op de werkvloer die ik als bijzonder prettig 
heb ervaren. Ik denk met plezier aan ieder van jullie terug.
Ook zonder de reuzen van de technische dienst, van wie ik in ieder geval Henk de Haas, 
Peter Albers en Harry van Brakel bij naam wil noemen, had dit boekje in deze vorm niet 
kunnen bestaan. Naarmate het onderzoek vorderde en de tijd begon te dringen, ging de 
apparatuur zich steeds meer volgens de bekende wetten van Murphy gedragen. Dit resulteerde 
vaak in een permanente aanwezigheid van deze technische mannen in onze fermentorruimte. 
Henk de Haas wil ik daarnaast met nadruk bedanken. Henk, soms behoorde je tot het meubilair 
van de vakgroep door je continue aanwezigheid. Niet alleen voor de veelvuldige en langdurige 
reparaties die nodig waren om onze experimenten te laten lopen, maar ook voor het ontwikkelen 
van de waterstofprobe die zo’n beetje de kapstok is geworden waaraan alle metingen van dit 
proefschrift zijn opgehangen.
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Nawoord
Mede dankzij John begrijp ik nu heel wat meer van de wereld van de HPLC. Niet alleen 
heeft hij de basis gelegd voor de analysemethode voor de thiolen, ook stond hij altijd paraat als 
ik problemen of vragen had. Lex Theuvenet heeft mij wegwijs gemaakt in de 
fluorescentiespectroscopie. Als gevolg daarvan heb ik ook de afdeling Celbiologie vrijwel 
dagelijks geterroriseerd met mijn ‘shuttlerun ’-metingen. Ik bied hierbij aan iedereen die ik 
tijdens mijn sprintjes tussen fermentor en fluorimeter in deze periode (bijna) omver of in de weg 
gelopen heb mijn excuses aan. Bij Fred Hagen (afdeling Biotechnologie, Technische Universiteit 
Delft) heb ik enkele dagen cyclische voltammetrie-experimenten mogen doen. De resultaten 
daarvan zijn helaas niet terug te vinden in dit proefschrift, maar ze hebben me wel wekenlang 
veel puzzelplezier bezorgd.
Meer op de achtergrond, maar essentieel voor het draaiend houden van ‘mijn’ lab en 
onderzoek, is de leiding van de vakgroep geweest. Fried hield de voortgang van het onderzoek 
kritisch in de gaten en gaf ideeën en kanttekeningen om de experimenten te verbeteren. Ook 
Chris, en in het laatste jaar ook Mike kwamen met goede suggesties, maar bovenal hebben zij 
drieën het labklimaat geschapen en onderhouden waarin ik al die jaren uitstekend mijn 
experimenten heb kunnen doen.
Een goed lab staat of valt met de mensen die erin werken. Niet alleen voor de technische 
en rationele ondersteuning, maar vooral ook voor de werksfeer die ze creëren. Dat ik me vaak 
versprak en hardop vroeg ‘waar we hier ook alweer woonden’ als ik op zoek was naar het adres 
van onze vakgroep, is wellicht het grootste compliment dat ik jullie kan geven. Ik voelde me 
thuis bij jullie.
Tenslotte een woord van dank aan al die mensen die mij er bij het zoeken naar 
antwoorden op mijn levensvraag ‘wat is leven?’ telkens aan herinnerd hebben dat ik de andere 
onderzoeksmethoden om het leven te ontdekken (praten, dansen, reizen, genieten, eten, 
drinken, etc.) niet moest vergeten. Vrienden, familie, kennissen en alle andere mensen op deze 
wereld: dankjewel.
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